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PREFACE 

Thb first Yolome of this work was published in 1907, and 
embodied the substance of a course of lectures, which at that 
time I gave to senior students. Since then I have modified the 
course. In view of the growing importance of physical pro- 
perties in their relation to structure and of the general develop- 
ment of organic chemistry on its physical side, these branches 
seemed to demand special consideration; but my principal 
object has been to try and link together in a more connected 
form the subjects of the earlier volume. It was my wish to 
recast the material in two volumes in accordance with the 
modified course of lectures ; but as it has not yet proved feasible, 
I have contented myself in the second volume with filling in 
some of the gaps left in the first. In my present course I take 
the subjects in the following order : the historical introduction 
(VoL I, chap, i), which concludes with an account of Eekul^s 
theory, leads naturally to a discussion of the valency of carbon 
(Vol n, chap. i). This is followed by an account of the nature 
and dynamics of organic reactions (Vol. II, chaps, ii and iii). 
Steric hindrance (YoL I, chap, vi), which deals with certain 
abnormal reactions, is then considered as a part of the same 
subject. As the knowledge of ^ physical methods ' for ascertain- 
ing structure is required for the study of stereoisomerism and 
dynamic isomerism, the subject of physical properties is then 
briefly discussed (Vol. II, chaps, iv and v) and followed by 
chaps, ii to V, Vol. I, on stereoisomerism and isomeric change. 
Equipped with this general introduction, the student is better 
able to follow the special chapters devoted to the benzene 
problem and to the structure and synthesis of the more complex 
natural products contained in the latter part of Vol. I. 



Digitized by 



Google 



iv PREFACE 

In cacrying out this scheme I found it necessary to transfer 
to the new volume (in the section on the nature of organic 
reactions, of which it appeared to form an essential part) the 
chapter on ' Condensation ' contained in Vol. I. 

As stated in the former volume, the book is not intended for 
reference. The number of physical properties of organic com- 
pounds, which are described in chap, iv, are restricted to those 
which are considered of most importance. The chapter does not 
profess to give more than an outline of the subject, and the 
same may be said of chapter v on * Colour'. Full references 
to the principal sources of information, which the ' student is 
expected to consult, are always given. 

I am greatly indebted to Dr. H. M. Dawson, who has, at my 
request, written the chapter on the < Dynamics of Organic 
Reactions * and has also read the proof sheets ; to Dr. Dobbie, 
who was good enough to prepare for me some of the diagrams 
of absorption spectra ; and also to the Council of the Chemical 
Society and to authors of papers for permission to reproduce 
some of the drawings from the Chemical Society's Transactions. 

J. B. COHEN. 

The Univebsitt of Leeds, 
June, 1918. 
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ORGANIC CHEMISTRY 

VOL. n 

CHAPTER I 
THE VALENCY OP CARBON 

Thb early history of valency has been described in the introductory 
chapter (vol. i, p. 60). Whilst its later development, especially in 
connection with organic chemistry, has been attended by results of 
the highest theoretical and practical value, the subject as a whole 
has made little advance. This is due to the apparently variable 
character of the property in every element including carbon, and is 
plainly indicated by the. number of more or less unsatisfactory 
attempts to find a comprehensive generalisation. 

The term valency is applied to the saturation capacity of one element 
for other elements, and must not be confused with the strength of the 
attachment or chemical afi&nity ; it is in fact noteworthy that the 
lowest valency is found among those elements in the two end 
groups of the periodic system which exhibit the greatest affinity, or, 
as Hinrichsen ^ puts it, ' the energy content of an atom is the greater 
the smaller its active valency.' 

The various speculations on the relation existing between valency 
and affinity and the origin of the phenomena will be discussed 
presently. 

As hydrogen is one of the elements of lowest combining capacity 
which rarely unites with more than one atom of a second element, it 
might serve as a useful standard for determining the valency of the 
other elements ; but the small number of hydrides which it forms, 
especially with the metallic elements, rather restricts its application. 
The halogens which might be employed in place of hydrogen cannot 
always be relied on, as they do not possess a constant valency and 
form compounds such as H2F2, KI3 and a whole series of oxides. 
Another method which might be employed is to divide the atomic 
weight by the equivalent of the element as determined by electrolysis 

1 AwMimf 1904, see, 168. 
n B 
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2 THE VALENCY OF CARBON 

or by the composition of the oxide. According to Faraday's law the 
same quantity of electricity passed through an electrolyte liberates 
equivalent weights of the different elements, or, in other words, 
equivalent weights of different elements convey the same quantity of 
electricity. But in this case it is found that a metal in different 
states of combination, such as iron in ferrous and ferric salts, exhibits 
different valencies, the first liberating 28 and the second 18*6 parts 
of iron compared with one of hydrogen. The use of the oxide presents 
difficulties of another kind, for the equivalent in the case of Pb304 
would give a valency value for lead determined by the fraction 
207/776. 

Betuming to the first method, how are we to interpret the valency 
of nitrogen in the two compounds, ammonia NH3 and azoimide N3H ? 
Here a very simple explanation suffices. In both compounds the 
nitrogen is tervalent, but in the second the nitrogen atoms are linked 
together in the form of a univalent group : 

II >N- 

This formulates the mutual attachment of similar polyvalent atoms 
and introduces an entirely new conception into the idea of valency. 
It was a fundamental part of Eekul^'s and Couper's theory of the 
structure of carbon compounds, and has become so interwoven with 
the idea of valency that its intrinsic novelty is apt to be overlooked. 
All-important as the conception has turned out in its application to 
the compounds of carbon, which stands almost alone as an element 
of definite valency, it has afforded the widest interpretation in 
determining the structure of the compounds of most of the other 
elements. 

Thus, in the case of alumina, AI2O3, we may formulate a structure 
in which two atoms of metal or of oxygen, or the three atoms of 
oxygen, or, again, an alternate atom of aluminium and oxygen are 
directly attached, so that any arrangement may be devised to suit the 
desired valency of the atoms under consideration. In short, whilst 
the linking of atoms has afforded a firm foundation for building up 
the structure of compounds with elements of definite valency, its 
employment in other cases has generally served to increase the 
number of possible formulae. 

Valen^, a Variftble Qnaati^. Influenced by the success which 
attended the application to carbon of the principle of linkages, Eekul4 
was led to infer that valency was a definite and unalterable quantity 
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VALENCY, A VARIABLE QUANTITY 8 

bound up with each atom. The variable valency of certain elements, 
especially of the nitrogen and halogen groups of the periodic system, 
subsequently led to the complete abandonment of this view. It 
was impossible, for example, to reconcile the structure of NH4CI as 
consisting of NHj in molecular attachment to HGl with Meyer and 
Lecco's observation that diethylmethy]amine+ methyl iodide gave the 
same product as dimethylethylamine+ ethyl iodide and also with the 
existence of the numerous optically active ammonium compounds 
(vol. i, p. 168). 

If, with Eolbe, we regard each element as possessing a maximum 
valency, a view which has been widely adopted, the question arises 
as to how this maximum value may be ascertained, for it is a curious 
fact that in the periodic table the oxygen value rises from group I to 
group VII, whilst the hydrogen value rises to group IV and then falls 
again. If we adopt the valency of the highest oxide we are con- 
fronted with the uncertain value for oxygen, which sometimes appears 
to function as a quadrivalent atom. On the other hand, the atomic 
weight being known, the periodic classification affords at times a 
valuable guide. 

Abegg and Bodlftnder^ regard each atom as possessing the same 
total number of valencies, namely eight, which are distributed 
between positive and negative, the positive diminishing from 7 to 1 
in the first seven groups of the periodic system and the negative 
increasing in the same order. Of these two kinds the positive or 
negative predominates in each atom and is termed the normal valency, 
whilst the subordinate kind is called a contravaUnt^. In the middle 
or fourth group, which includes carbon, neither predominates, and 
this is supposed to explain the stability of carbon in its union with 
both electropositive and electronegative elements, as in methane and 
carbon tetrafluoride. The distribution of normal and contra-valencies 
in the seven groups is as follows : 

normal +1 + 2 + 3 —8—2- 1 

contra —7-6—6 +6 + 6 + 7 

The weak point of the scheme is the existence of the seven contra- 
valencies among the alkali metals, for which at present there appears 
to be no evidence. 

Tarvalent Carbon. Although the valency of carbon has offered 
fewer anomalies than that of any other element in the interpretation 

1 2Mt, anorg. Chtm.y 1899, 20, 468 ; 1904, 80, 880. 

b2 
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4 THE VALENCY OP CAEBON 

of the Btrueture of its numerous compounds, there exists one exiunple, 
namely, triphenylmethyl G(G6H5)3 in which there is reason to believe 
that carbon, at least in solution, is tervalent. There is intrinsically 
nothing novel or surprising in the existence of a combined atom with 
one unused valency, for nitrogen in nitric oxide, NO, must possess 
a free valency whether oxygen is bi- or quadrivalent. It may be 
pointed out that in both compounds the unsaturated element is 
attached to an electronegative group or atom. Triphenylmethyl 
contains the strongly electronegative group (CcH5)3 united to carbon, 
whereas in nitric oxide the nitrogen is linked to electronegative 
oxygen. Such compounds as GHg, NH2, or NH4 in which the carbon 
and nitrogen are combined with electropositive elements are unknown. 
These and similar facts have led Michael ^ to draw the conclusion that 
union with negative atoms can produce self-saturation, but not if 
the combination includes positive ones. The tendency for carbon 
and nitrogen to polymerise (that is, for similar atoms to unite) is 
promoted by union with 1, 2, or 8 atoms of hydrogen. Thus CH, 
GH21 and CH3 appear, not as free entities, but as acetylene, ethylene, 
and ethane, and NHj as hydrazine. 

Werner,* who views valency as a quantity which may be di£Ferently 
distributed according to the nature of the atoms or groups involved (see 
p. 26), considers that the phenyl groups in triphenylmethyl saturate 
more of the carbon affinity than, say, hydrogen atoms, leaving less 
affinity for further union. The compound is, in shorty more saturated 
than methyL 

TriphenylniAtliyl. In 1900 H. Oomberg' obtained triphenyl- 
methyl by the action of zinc dust, silver, or mercury on triphenyl- 
methyl chloride (bromide or iodide) in benzene solution. It forms 
small, colourless crystals which dissolve in various solvents with a 
yellow colour. It is apparently unsaturated, for it combines greedily 
with free oxygen to form a peroxide (CeHfi)3 CO — OC(C6H5)3, with 
the halogens to form triphenylmethyl halide, with AlCls, SnCl4, 
SbCls and organic halogen compounds, with nitric oxide and nitrogen 
tetroxide to form the nitroso compound with the first and a mixture 
of nitro compound and nitrous ester with the second,^ and also with 
benzene, ether, esters, and ketones to form additive compounds con- 
taining two molecules of triphenylmethyl to one of the organic 

1 J. prakt. aem., 1899, 60, 295. 

* Nnurs Amehautmgen aufdem QOnete der amrgotiiichen Chmnief p. 79. 

• J. Amer. Chem, Sac, 1900, 22, 757. 
« Ber., 1911, 44, 1169. 
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TEIPHENYLMETHYL 5 

compound. To the ethexB, esters^ and ketones the following general 
formulae have been given : 

(C^4)sC/^B (0,H.),C/\R 

It is also strongly endothermic.^ 

In all these reactions triphenylmethyl behaves as an unsaturated 
hydrocarbon. Nevertheless in solution it is bimolecular. In order 
to compare the compound with hezaphenylethane, Ullmann and 
Borsum' attempted to prepare the latter by the reduction of the 
carbinoL 

2(C,HJ3C.0H + Ha - (C,H5)3C . qCeH,)3 + 2H,0 

The two compounds were however dissimilar, and Tschitschibabin ' 
then showed that Ullmann's compound was not the required sub- 
stance but one of the following structure : 

(C,H5)3C.0,H4CH(C,H,), 
Heintschel* and Jacobson' then suggested two other bimolecular 
formulae for triphenylmethyl, the first having a quinol structure and 
the second being composed of one half of Heintschel's compound 
united to a molecule of triphenylmethyl. 

P'^'Nc ./ — s/^1 ^*°*Nc / — y ^ 

Lc,H/ *\ ^ X C.H/ N ^X!(C,H,)3 

HeintsoherB formula. JacobBon^s formula. 

As Heintschel's formula represents what would probably be a stable 
compound, and also fails to account in a simple fashion for the pro- 
duction of triphenylmethyl from triphenylmethyl chloride, it may be 
dismissed. 

Jacobson's formula, on the other hand, readily explains the forma- 
tion from, and conversion into two molecules of triphenylmethyl 
halide, also the addition of oxygen to form the peroxide, and, again, 
the production of Ullmann's compound into which triphenylmethyl is 
readily converted.* 

The hexaphenylethane formula is not excluded, but the stability of 
tetra- and pentaphenylethane led Gomberg at first to discard it on the 
ground that the substance would exhibit equal stability with the two 
latter. Tschitschibabin^ found, however, that although pentaphenyl- 

^ SchmidUn, GmpL rend., 19p4, ISO, 782. * Ber., 1902, 85, 2877. 
> -Bw., 1904, 87, 4709; 1908, 41, 2421. * Ber,, 1908, 86, 820, 679. 

• Ber., 1905, 88, 196. 

* Acoording to Auwers {Ber., 1907, 40, 2164) a subatance of this formula would 
immediately undergo isomeric change into the benzenoid form represented by the 
formula of Ullmann and Borsum's compound. 

' Sir., 1907, 40, 867. 
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6 THE VALENCY OF CARBON 

ethane is stable at ordinary temperatures it begins to oxidise at its 
melting-point, and when heated with hydrogen chloride to 150^ in 
benzene solution breaks up into tetraphenylethane, triphenylmethane, 
and triphenylmethyl chloride. 

Schmidlin^ attempted to decide between the two formulae by 
preparing the compound by the action of triphenylmethyl chloride 
on what he regarded as two isomeric magnesium derivatives of the 
latter compound. The two reactions should proceed as follows : 

H 
1. (OeH.),C:/ V +(CeH5),Ca 
\— /\MgCl 
(X-oompouad. 



■^'^■>'<'<ZK,o^''^ 



2. (C,Hj)jOMgCa + (P,H5)8CC1 = 2(CaH,),C + MgC3, 
/S-compound. 

but no difference could be detected in the products. 

In discussing this question an important fact must not be lost sight 
of, namely, that triphenylmethyl, though colourless in the solid state, 
dissolves with a yellow colour. The same is the case with the tri- 
phenylmethyl halides and both conduct in liquid sulphur dioxide.' 
There is consequently ionisation, which, in the case of the triphenyl- 
methyl halide, must be due to the formation of triphenylmethyl and 
halogen ions. It has therefore been suggested that triphenylmethyl 
in solution must exist at least partially in the monomolecular form. 
There are other facts which point in the same direction. Schmidlin ' 
has shown that colourless triphenylmethyl dissolves in non-ionising 
solvents (benzene, chloroform) without colour, though it rapidly 
acquires a deep yellow tint. Piccard * has further pointed out that, 
if according to Beer's law (see footnote, p. 829) dilution does not alter 
the depth of colour, the yellow colour of triphenylmethyl solutions 
should be intensified by dilution if ionisation occurred, and he found 
that this was the case. On the other hand, Meyer and Wieland" 
have shown that triphenylmethyl when ionised in liquid sulphur 
dioxide has a different absorption spectrum from that in non-disso- 
ciating solvents. Whereas the ion has a continuous spectrum, the 
non-conducting solutions of triphenylmethyl have a well-defined band 
spectrum, which they attribute to the radical as distinguished from 

1 Ber., 1907, 40, 2316; 1908, 41, 425. 

« Walden, Zeitschr. phy'^ Chem., 1908, 43, 443. > B»r., 1908, 41, 2471. 

« Annalen, 1911, 881, 8^7. e Ber., 1911, 44, 2667. 



Digitized by 



Google 



TRIPHENYLMETHYL 7 

the ion. Consequently the yellow colour in other solvents than 
sulphur dioxide cannot be due to ionisation. 

The evidence, it must be confessed, is very conflicting. Although 
there is by no means unanimity on this vexed question, it is now 
generally conceded that the hexaphenylethane formula represents the 
solid and colourless compound, but the views as to the structure of 
the substance in solution are still divided. 

Gomberg suggests that the dissolved substance, which has a yellow 
colour in ordinary solvents ' and conducts in liquid sulphur dioxide, 
possesses Jacobson's formula, partially dissociating in the conducting 
liquid into a quinoid cation and a benzenoid anion. 

(C,H5),C : 0,H,/ -» (CeH,),C : C,b/ -* {G,R,),C 

N3(C,H4)3 \ *- 

Tschitschibabin ', along with Baeyer' and Werner ^ accepts the 
hexaphenylethane formula for the solid compound which dissociates 
into triphenylmethyl in solution. 

(0,H^,C.C(CeH»)3 — fiiC,n,),C 

It may be stated in conclusion that the correctness of the unimo- 
lecular formula for triphenylmethyl in solution has recently received 
substantial support from the discovery by Schlenk, Weickel, and 
Herzenstein*^ of tridiphenylmethyl (C^HgCttHJ^C, which gives a deep 
violet solution in which it is wholly unimolecular. Like triphenyl- 
methyl the solution of its halide derivatives in liquid sulphur dioxide 
is coloured and conducting and it also forms a colourless peroxide. 

More recently Schenck * observed that the compound obtained by 
the action of sodium on aromatic ketones has the formula (Ar)2C . ONa 
and not the double formula (see vol. i^ p. 279), and the compound, 
formerly regarded as ditolane hexachloride, appears from recent deter- 
minations also to have half the molecular weight, and is therefore 
tolane trichloride CJ3,fiCl^ . CCl . C^H^.'' Both compounds therefore 
contain tervalent carbon. 

Wieland ', it may be added, has found that tetraphenyl hydrazine 
breaks up on heating into diphenyl nitride (CeH5)aN containing 
bivalent nitrogen. 

Bivalent Carbon. There are a number of compounds in which 
there is reason to believe that bivalent carbon is present. Among 

^ The quinoid structure is regarded as one eause of colour (see p. 846). 
» B$r., 1907, 40, 8970. » Bm:, 1902, 85, 1196. « Ber., 1906, 39, 1278. 
• AnnaUn, 1910, 872, 1. • Ber,, 1911, 44, 1182. 

^ LOb, £tr., 1908, 86, 8068. • Annalm, 1911, 881, 200. 
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8 THE VALENCY OP CARBON 

these are carbon monoxide, CO ; fulminic acid, C :NOH ; and, according 
to Net the alkyl and acyl isocyanides, BN: C, and acetylene and its 
halogen derivatiyes. Although it is possible to interpret the structure 
of all these compounds, except the last, as containing mutually saturated 
valencies by making oxygen quadrivalent or nitrogen quinquevalent, 
there are chemical as well as stereochemical considerations which make 
such a supposition improbable. If we accept the usual stereochemical 
arrangement of the carbon bonds, it is difficult to conceive of these 
four linkages being brought simultaneously into action with any 
other single atom. The chemical properties of most of these com- 
pounds point in the same direction. 

Stmetnre of the Zsocjaiiides. Supposing the inability of bi- 
valent carbon in carbon monoxide to form additive compounds (except 
with chlorine and caustic soda) to be due to the presence of electro- 
negative oxygen, then the replacement of oxygen by a more electro- 
positive group might restore its additive power. Such was Nefs 
reasoning.^ He selected for his inquiry alkyl and acyl isocyanides 
B . N : C and found that his anticipations were correct. The alkyl and 
acyl isocyanides form the following series of additive compounds : 

1. With the halogens (CI, Br, I) combination takes place vigorously 
at low temperatures. The reaction, according to Nef, proceeds in 
steps. The halogen molecule X^ unites first by virtue of its residual 
valency and then separates into its constituent atoms. 

X X 

RN:C< + X:X-»^ RN:c/|| -^ RN:c/ 

That the halogens actually take up these positions is proved by the 
fact that union with amines yields guanidines. 

2. With acid chlorides (acetyl, benzoyl, carbonyl, and chloroformic 
ester) the following are formed, in which the halogen may be 
replaced by hydroxyl : 

RN:CC1 

BN:C/ ,RN:CC t CO, RN:C< 

^COCHs ^COCeHfl / XJOOOj^Hj 

RN:CC1 

8. The isocyanides unite with free oxygen, reduce metallic oxides, 
and combine diiectly with sulphur to form carbimides and thiocar- 
bimides: 

EN:C:0, BN:C;S 

^ /. Am^. Cfcm. 8oc, 1904, 26, 1649; AnnaXen, 1892, 270, 267 ; 1894, 280, 291. 
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STBUGTUBE OF THE ISOCYANIDES 

4. They combine with amines H — ^NHB and hydroxylamine 
H— NHOH : 

BN:C< , BN:C< 

\nhb \nhoh 

6. They combine with alcohols, mereaptans, and hydrogen sulphide: 

H H H 

RN:0/ , RN:0/ , RN:c/ 

6. With phenyl magnesiuin bromide a eompound of the formoky 

HgBr 
IB formed. 

7. In absence of water the halogen acids produce additive com- 
pounds which by analogy are represented as follows : 

(bN:0<^)hC1 

Horeover, like other unsaturated compounds they polymerise ; thus 
phenylisocyanide rapidly changes to a resinous mass. Hydrol3rBiSy 
on the other hand, produces the formamide BNH . CHO, from which 
it appears that carbon in the isocyanide had three available bonds ; but 
the exact mechanism of the addition process is unknown, and it is 
quite conceivable that the elements of water first attach themselves 
to the carbon atom and that this is followed by the migration of 
hydrogen to nitrogen. 

RN:C< -^ RNH.CHO 



^^.J^h"*^ 



Nef further points out that many of the above reactions are reversible 
and the isocyanide and its addendum may dissociate at an appropriate 
temperature in the same manner as ammonium chloride. 

There seems no reason, therefore, to doubt the existence of bi- 
valent carbon in alkyl and acyl isocyanide& 

Btmotnro of the Xetallio Qyanides. The metallic cyanides 
probably possess a similar structure. Like the alkyl and acyl iso- 
cyanides, alkaline cyanides readily unite with oxygen. Potassium 
cyanide forms potassium cyanate on oxidation and probably unites 
with chlorine to form KNCClj. Like the alkyl isocyanides the 
alkaline cyanides form double salts with the heavy metallic cyanides, 
whereas Uie few double salts of the alkyl cyanides are much less 
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10 THE VALENCY OP CARBON 

stable.^ A significant &ct is the existence of sodium ferrofulminate 
Na4Fe(0N : G)e + ISH^O, which has been proved to contain bivalent 
carbon, so that sodium ferrooyanide by analogy should be written 
Na4Fe(N : C)e.^ Another fact discovered by Nef also points in the 
same direction. Potassium cyanide and ethyl h3rpochlorite give 
ethyl cyanimido carbonate, the formation of which can only be 
satisfactorily explained by adopting the isocyanide structure. 



KNC -^ KNC<: * * -•► KNC.OOaHs 
Nni KCN I 



^Cl KCN I 

ac: 



NK 

+ K0H + KC1 



N 



The behaviour of silver, mercury, and certain other metallic cyanides 
of the heavy metals differs from that of the alkaline cyanides. They 
are not oxidised by permanganate and yield isocyanides with the 
alkyl halides, whereas the alkaline cyanides yield cyanates in the first 
case and mainly cyanides in the second. On the other hand, the 
acyl halides, such as acetyl chloride, give cyanides and not iso* 
cyanides with sUver cyanide. The last fact disposes of the view that 
the two classes of metallic cyanides are differently constituted, the 
alkaline cyanides being normal and the silver and mercury com- 
pounds having an ' iso ' structure. How are these observations to 
be reconciled ? Nef considers that both classes of metallic cyanides 
have the iso structure and that the difference in behaviour lies in 
the electrochemical character of the metal. Whilst the alkaline 
cyanides react with the alkyl halides by direct addition to give the 
alkyl cyanide thus : 

KNC+BI-#^KNC<^ -^ NCB+KI 

silver cyanide reacts by direct substitution : 

AgNC + BI«RNO + AgI 

There seems to be also some evidence that potassium cyanide forms 
additive compounds with alkyl iodidea 

Wade ' in a subsequent investigation, whilst accepting Nef 's views 
as to the structure of the metallic cyanides, has given a rather 
different interpretation to the interaction of silver cyanide with the 
alkyl halide, which he represents as follows : 

^ Hofinann and Bagge, Ber., 1907, 40, 1772 ; R&mberg, Ber.y 1907, 40, 257a 
> Afmdten, 1894, 280, 886. • Trant. Oiwn. Soc., 1902, 81, 1608. 
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STBUCTUBE OP THE METALLIC CYANIDES 11 
AgNC + BI -* AgNC -* BNC+AgI 

A 

Thus, while addition to the alkaline cyanide with its strongly 
electropositiye metal takes place at the carbon atom, in the case of 
silver cyanide with the weaker electropositiye metal it occurs at the 
nitrogen atom. It must be admitted that neither proof appears 
very conclusive. 

Sidgwick^ has made the ingenious suggestion that in all cases 
addition to carbon takes place, and that the additive compound may 
exist in two stereoisomeric forms : 



BCI 


BCI 


hI 


h 


L 


IL 



M- Metal 

Formula II, corresponding to the synaldoximes, represents the additive 
compound of the alkaline cyanide and yields, by removal of the 
metallic iodide, the alkyl cyanide as formulated by Nef. The first 
formula (I), which represents the additive compound with silver 
cyanide, undergoes the Beckmann conversion, and by interchange of 
metal and alkyl group, followed by the detachment of the metallic 
iodide, yields the isocyanide. 

BCI MCI C 

J,- J- eI 

But there is no proof whatever of any such reaction. 

The Structore of Kydrogea Cyanide. The study of the structure 
of hydrogen cyanide, which, like the nitriles and isocyanides, may 
exist in two different forms, has produced evidence of such a con* 
flicting character that it seems at present purposeless to offer more 
than a brief outline of the arguments for and against the one or 
other structure until the subject has advanced a stage. It is clear 
that no purely chemical method will suffice to settle the question, 
for reasons already given in the chapter on isomeric change (vol. i, 
p. 198). The following facts have been advanced in favour of the 
nitrile structure. Hydrogen cyanide undergoes hydrolysis by alkalis 
which are without action on alkyl isocyanides, whereas acids which 
act slowly on hydrogen cyanide decompose isocyanides with great 
rapidity. Again, the alkyl isocyanides, like the alkali cyanides, which 
may be assumed to be iso compounds, dissolve silver cyanide, whilst 



1 Proc Chm. Soc., 1905, 21, 120. 
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12 THE VALENCY OF CARBON 

nitriles and hydrogen cyanide do not When hydrogen cyanide is 
heated it polymerises; but there is no evidence that it undergoes 
isomeric change ; nitriles, on the other hand, yield isocyanides. The 
polymeride obtained from hydrogen cyanide forms glycosine on 
hydrolysis and is therefore aminomalonitrile, NH2.CH(CN)2y indicat- 
ing thereby that the nitrile rather than the isocyanide has undergone 
polymerisation.^ There are a large number of chemical facts which 
point in the same direction, such as the preparation of hydrogen 
cyanide from formamide * and formoxime ^ by dehydration, a reaction 
which corresponds to nitrile formation. Its additive compounds with 
metallic chlorides^ resemble those of the nitriles and its stability 
towards ethylhypochlorite and chlorine is in marked contrast to the 
alkyl isocyanides* (p. 8). Its union with diazomethane to form 
acetonitrile* has been discounted as a fact in favour of the nitrile 
structure since the discovery that isocyanide is also formed.'' 

Many of the physical constants also indicate a nitrile structure ; 
its refractivity,* its high dielectric constant and ionising power 
correspond to those of the lower nitriles.' Michael and Hibbert ^^ take 
the same view and regard the true hypothetical acid as having the 
isocyanide structure, but from the absence of salt formation when 
pure hydrogen cyanide is added to trialkylamines (though the 
cyanides of these substances can be formed in other ways) they 
conclude that the actual compound is formonitrile. It is true that 
the primary and secondary amines do yield unstable salts, but it is 
contended that the union is accompanied by isomeric change, a form 
of argument which has an air of special pleading. 

On the other hand Chattaway and Wadmore " adopt the isocyanide 
formula on account of the ease with which hydrogen is exchanged 
for halogen in hydrogen cyanide and its salts. 

C:NH, C:NC1, C:NK 

Cyanogen chloride has the characteristic properties of a nitrogen 
chloride and consequently the isocyanide formula for hydrogen 
cyanide explains most satisfactorily its whole chemical behaviour. 

The weak character of the free acid compared with the effect of 

^ Lesooeur and Rigaut. CompL rend,^ 1879, 80, 810. 

' Hofmann, Trans. Chem, Soc, 1868, 16, 74. 

> Dunstan and Bossi, Trana. Chem. Soe., 1898, 73, 860. 

* Klein, Annaleny 1850, 74, 86. 
B Nef, AnndUtif 1895, 287, 274. 

< v. Pechmann, Ber., 1895, 28, 857. 

^ Peratoner and Palazzo, AtH R. Accad. Lincei, 1907, 16, 482. 

* Briihl, ZHUphyaik. Chem., 1895, 16, 512. 

* Schlundt, Zeit. phynk. Chem., 1901, 5, 157. 

><» Annakn, 1909, 364, 64. » Trans. Chem, 5oc, 1902, 81, 192. 
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THE STEUCTUEE OF HYDEOGEN CYANIDE 18 

the cyanogen group in increasing the acidity of acetic acid (a fact 
which has been advanced by Ostwald as indicating an isocyanide 
structure), 

Acetic acid, E » 00018 
Cyanacetic acid, K « 0-3700 

loses its force when a similar comparison is drawn between the 
GGI3 group in chloroform and the same group in trichloracetic acid, 
the former producing a neutral non-electrolyte and the latter a strong 
acid with an affinity constant, K « 120-0. Nef has attributed the 
poisonous character and low boiling-point of hydrogen cyanide to 
the isocyanide structure ; but it appears now that alkyl cyanides as 
well as cyanogen produce symptoms resembling hydrogen cyanide 
poisoning. In its ready formation of additive compounds, such as 
HON . Hd and 2HCN . SHCl, it appears to resemble the isocyanides ; 
but, from their behaviour, it seems that the probable formulae are : 

ClCf , HOC HCl 

\H \NH.CHCla 

The weight of evidence appears therefore in favour of the nitrile 
structure ; but, as stated above, chemical reactions alone are incapable 
of settling the question. 

The fl t m c t u re of Fnlminic Add. The presence of bivalent 
carbon in fulminic acid has been demonstrated by Nef.^ Mercury 
fulminate, which was discovered by Howard in 1800 and has since 
found such an extended application as a detonator, is prepared by the 
action of mercuric nitrate in nitric acid on ethyl alcohol. The analysis 
corresponds to the molecular formula HgCgNjOj, and it is therefore 
isomeric with mercury cyanate. Passing over the earlier researches 
of Kekul^ (vol. i, p. 61), who regarded it as a derivative of nitro- 
acetonitrile, it has been shown that hydrochloric acid breaks it up 
into hydroxylamine and formic acid, suggesting the following formula 
for the acid : 

C:NOH 

C:NOH 

The single carbon formula G : NOH or carbyloxime has been deduced 
from its synthesis. Nef obtained it by the action of mercuric chloride 
on sodium nitromethane, which probably reacts by forming a mercuric 
salt of nitromethane and then loses the elements of water. 



^ Anndlm, 1894, 280, 275, 8C8. 
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14 THE VALENCY OF CARBON 

H,C:NOhg-C:NOhg + H,0 hg - ?r 

I 

Moreover, mercury fulminate when acted on by nitrous acid is 
converted into methyl nitrolio acid, (N02)HC : NOH. Seeing that both 
nitromethane and methyl nitrolic acid contain only one carbon atom, 
there is strong proof of the presence of a single carbon atom in 
fidminic acid. The formation of methyl nitrolio acid from nitro- 
methane and nitrous acid as well as of formylchloride oxime by the 
action on the sodium salt of the former with hydrochloric acid and 
the existence of an additive compound of hydrogen chloride and 
silver fulminate all point to the presence of bivalent carbon. 

H H H 

HON:0/ HON:C/ AgON:C<f 

^NOjj XII XII 

Additive compounds with hydrogen sulphide and sulphate are also 
known and are readily prepared. 

H H 

H0N:C/ HON:Cl/ 

\SH \OSO3H 

The structure of formylchloride oxime is further determined by its 
decomposition, on standing, into hydroxylamine hydrochloride and 
carbon monoxide, and by its conversion with aniline into phenyl 
isouretin, the structiure of which has been fully established. 

HO.NHC/ 

It may also be added that silver nitrite converts formyl chloride 
quantitatively into silver fulminate. 

.CI 
HC/ + 2 AgNOa - AgON : C + AgCl + HNO3 



In addition to Nefs synthesis, already mentioned, fulminic acid 
has been obtained by Wieland ^ from methyl nitrolic acid and similar 
compounds, the formation of which is easily accounted for in each 
case by adopting Nefs formula. Scholl ' found that in presenoe of 
benzene and a mixture of anhydrous and hydrated aluminium chloride, 
mercury fulminate may be converted into benzaldoxime. The reaction 
is most simply explained in the following way. The hydrated alu- 

1 Ahnnt^ Vortrdge, 1909, 14, 885. 

s B«r., 1899, 82, 8492 ; 1908, 86, 10, 822, 648. 
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THE STEUCTURE OF FULMINIC ACID 15 

minium chloride liberates hydrogen chloride from the fulminic acid 
and unites with it to form formylchloride oxime, which then combines 

with benzene. 

H H 

H0N:C/ +CeHe = HON:C/ +HC1 

Finally, the molecular weight of the sodium salt has been ascer- 
tained by the cryoscopic method, whilst the molecular conductivity 
shows that the acid is monobasic, and both point to the acid possessing 
the unimolecular formula, C : NOH. All that remains is to briefly 
indicate the formation of fulminic acid from alcohol, which probably 
passes through the following series of changes : 
CHj . CHjOH -•► CHaCHO-^ HON: CH . CHO -► HON :CH. COOH 

-^ HON : qNOa). COOH -^ HON : CH(NOj) -^ HON : C 
The acid then unites with mercury to form mercury fulminate. 

Structure of Acetylene Ctompouude. Nef ^ found that if dibrom* 
ethylene, CgHsBrj, is acted upon with aqueous-alcoholic soda it yields 
a gas, bromaoetylene, CjHBr. This substance is exceedingly reactive; 
it combines vigorously with oxygen, phosphoresces, gives the ozone 
reaction, smells like hydrogen cyanide, and is poisonous. The alkyl 
and acyl derivatives of acetylene, on the other hand, have a sweet 
smell and other properties in marked contrast to the above bromine 
compound. Dlbromacetylene, CJBr^ is obtained by the action of 
alcoholic potash in the cold on tribromethylene. It smells like an 
isocyanide, and is both very poisonous and spontaneously inflam- 
mable. Moreover, it combines directly with sodium ethoxide and 
phenoxidetoform dibromophenyl- and ethyl- vinyl ethers, C2Br2H . OR, 
and with hydriodic acid to form dibromoiodethylene, C2HBr2l. The 
fact that all three compounds give dibromacetic acid or its ester on 
oxidation, taken in conjunction with the unstable character of dlbrom- 
acetylene, its poisonous properties and striking similarity in smell 
to the isocyanides, led Nef to regard both mono- and dibromacetylene 
as derivatives of acetylidene, CH2:C<, CHBr:C<, CBr2:C<. For 
similar reasons, and also because diiodacetylene breaks up on oxida- 
tion into tetraiodethylene and carbon monoxide, the former is 
regarded as diiodacetylidene. 

20X2:0 + 02 = 2CO + Cl2:Cl2 
The metallic compounds are formulated in a similar fiashion, 
CaC:0(,Ag2C : G^,&c., and acetylene itself is represented as possessing 
the acetylidene structure. 

1 AnwOmf 1897, 298, 882; 1899, 808, 826. 
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16 THE VALENCY OP CARBON 

Although exception may be taken to Nef s views on the structure 
of the acetylene compounds, the existence of bivalent carbon in the 
other groups, which have been discussed, seems to be firmly estab- 
lished. The question whether the unsaturated valencies should be 
represented as mutually saturating one another, or free, or, as Nef 
supposes, an equilibrium mixture of both, the free being the reactive, 
and the combined the inactive form, does not seem to possess much 
real significance. 

RR.C::] ^ RR.C< 
Inactive. Beactiye. 

The Nature of Unsaturated Oroaps. By an unsaturated group, 
as distinguished from an unsaturated atom, we wish to imply the 
union of two atoms whose affinities are not saturated. When the 
union lies between carbon and carbon we obtain the unsaturated 
hydrocarbons and their derivatives. It is clear that in a case of this 
character, as, for example, in ethylene and acetylene, we may indicate 
unsaturation in several ways. Adopting Werner's view that valency 
may distribute itself unequally over the atom, a larger amount will 
be available for imiting unsaturated than for saturated carbon, or 
unsaturation may be indicated by the union of bivalent or tervalent 
carbon atoms, leaving a certain amoimt of affinity free, or, again, the 
unsaturated valencies may be represented by the method adopted by 
Nef in bivalent carbon compoimds, as saturating one another. In 
the last case we obtain what are known as double or treble bonds or 
linkages. Although the double and treble bond is very generally 
accepted, it may be well to state briefly the evidence upon which it 
rests. We will then proceed to discuss the theory of free valencies, 
i. e. the union of bivalent and tervalent carbon, and finally Werner^s 
theory in its application to unsaturated compounds. 

Theory of the BoaUe Bond. In the first place, there is nothing 
intrinsically improbable in the notion of a force of attraction being 
concentrated at definite points on the atom or having a definite 
direction, which may be symbolized by bonds. The view, indeed, 
receives substantial support from the theory of the valency electron, 
which is discussed later (p. 87). This theory represents valency as 
residing in one or more electrons which occupy a definite position in 
or near the surface of the positively charged atom and send out lines 
of force which either terminate on other atoms and so bind them or 
curve back on the atom from which they proceed. 

But there are other grounds upon which the theory of the double 
bond rests. All unsaturated compounds unite with an even number 
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THEOEY OF THE DOUBLE BOKD 17 

of univalent atoms or groups ; in other words, the saturation of one 
unsaturated carbon atom necessitates that of the other, and moreover 
the unsaturated carbon atoms invariably adjoin one another. There 
is an obvious connection of a special kind between the two un- 
saturated carbon atoms, for which the device of the double bond is 
made to serve. 

If ethylene and ethane differed merely in the number of hydrogen 
atoms attached to the two carbon atoms, we should expect the heats 
of combustion and formation and other physical constants to be 
determined solely by the presence or absence of hydrogen ; but we 
know that this is not the case. The physical constants for unsaturated 
compounds are fully discussed in a subsequent chapter (p. 261), but it 
may be stated here that the difference between saturated and un- 
saturated carbon is clearly brought out in the values for molecular 
solution-volume, refractivity, magnetic rotation, and heat of com- 
bustion. For example, the heats of combustion of ethane, ethylene, 
and hydrogen given by Thomson are : 

CsHe 870*44 moL-grm.-ca]s. 
C^H^ 888*86 „ 

Hj 6886 
If the value for ethylene were that of ethane less two atoms of 
hydrogen, it would be 870*44 — 68-86 = 80208, whereas much more 
heat is evolved. The conclusion is that unsaturated carbon atoms 
are more easily severed than the saturated atoms, and less energy is 
consequently absorbed in the process of cleavage. 

Unsaturated carbon possesses therefore a higher energy content or 
the carbon atoms are at a higher chemical potential than when 
saturated. But evidence of a more convincing kiad is derived from 
stereochemical considerations. 

Sridmioe of Steveochemiatry. The principles of stereochemistry, 
enunciated by van 't Hoff (voL i, p. 65), are based upon the relation 
subsisting between optical activity and the presence of asymmetric 
carbon in saturated compounds, and again on well-marked physical 
and chemical differences among the so-called geometrical isomers of 
the olefine series. This theory rests upon the assumption of a 
definite position and direction of the valency attachments. But it 
offers something more than an explanation of these forms of isomerism, 
important though they are. 

We must be carefiil to recognize clearly that the method of indi- 
cating unsaturation by a double bond is not taken to imply a firmer 
connection between the unsaturated carbon atoms any more than an 
" 
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18 THE VALENCY OP CARBON 

increased valency value indicates additional strength of afiSnity 
(p. 1).^ The double bond is, in short, a point of weakness in a 
molecule rather than of strength. Thus, on oxidation with perman- 
ganate or fusion with potash, the double link forms the point of 
cleavage and, as already pointed out, the heat of combustion of an 
unsaturated compound, atom for atom, is greater than that of a 
saturated compound. It contains a larger store of available energy 
and is consequently less stable. 

Various theories giving prominence to the idea of the weakness of 
the double bond have been advanced, and rest mainly on the space 
arrangement of the carbon bonds. If we suppose the bonds to 
diverge at equal angles (109*5°) from the central carbon atom and to 
retain their positions when the two carbon atoms become doubly 
linked, the space arrangement viewed in perspective will appear as 
shown in Fig. 1. 





Fw. 1. 

If the single bond represents the direction and measure of the force 
of affinity, the resultant of the two forces acting at an angle of 109*5^ 
will not be the equivalent of the same forces acting in a straight line 
but very much less. According to Baeyer*s strain theory (see p. Ill), 
if the result of the double linking tends to bend the two pairs of 
bonds from their original positions into a straight line joining the two 
carbon atoms, a condition of strain will be set up which will occasion 
instability. This theory is developed more fully in connection with 
the formation of cyclic compounds (p. Ill) ; but it may be mentioned 
here as a significant fact that the ring systems which occasion least 
deformation in the normal arrangement of the bonds contain five and 
six atoms, and of all ring systems these appear to be the most readily 
formed, the most stable, and of the most frequent occurrence in 
nature. Without, therefore, a definite position and direction of the 

^ It is for this and other reasons that some chemists, notably Lessen (AnndUnf 
1880, 204, 295), Hinrichsen {Ueber cUn QegwuOrtigm Stand der VaUnaUhre), and 
Werner {NiU4r$ Anachauungen at^dem Ga>ide der ancrganiichm Chfmie)^ have reAised 
to accept this method of denoting unsaturation. 
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force of affinity, the theory of stereochemistry in its relation to stereo- 
isomers and ring formation would have to be modified, if not relin- 
quished. 

The Thoozy of Free ValenoiM. The theory of free valencies, 
which was at one time adopted by Fittig to explain the isomerism of 
maleic and fumaric acid, has been recently revived by Hinrichsen,^ 
who considers that the nature of unsaturation of ethylene compounds 
in no way differs from that of compounds containing bivalent carbon 
(p. 7). They form additive compounds with the same class of 
reagents and under similar conditions, and therefore, if substances 
like carbon monoxide, the isocyanides, fulminic acid, and triphenyl- 
methyl contain free valencies, there is no reason why ethylene should 
be denied this attribute. 

It is true that the non-existence of isomeric ethylenes and propy- 
lenes is not very easily accounted for, 



>i 



— CH, CHj — CH OHj 

— CHj >CH — CH, — CHj CH3 

Ethylenes. Propylenes, 

but the absence of the radical CH3 Hinrichsen regards as no more 
remarkable than that of PHg or NH4. As the electrochemical 
character of elements becomes more emphasized in their lower 
valency combinations without having recourse to multiple linkages 
(e.g. chlorine in HCl is more electronegative than in GlOj), so the 
electronegative character of unsaturated carbon is accentuated in 
acetylene, in which hydrogen is replaceable by metals, and multiple 
linkage may be equally dispensed with. 

Stereoisomerism, which might present a difficulty, is explained by 
adopting Knoevenagel's view^ of the constitution of carbon com- 
pounds in which carbon and attached atoms or groups in saturated 
compounds occupy the faces of the tetrahedron and not the points, 
whilst in ethylene compounds the two tetrahedra are pivoted on an 
edge and oscillate backwards and forwards, addition taking place on 
opposite faces at the extreme of an oscillation on one side or the 
other. In opposition to this view it is contended that if a compara- 
tively stable compound like ethylene possesses free valencies, there is 
no reason why, for example, an isomeric propylene CH2 . GH^ . GHj 
should not exist. ' ' 

Kow although the balance of evidence would appear to favour the 
1 Anmaw, 1904, 886, 228. • Annalenj 1900, 811, 194. 
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20 THE VALENCY OF CABBON 

existence of double bonds in unsaturated compounds, nevertheless 
certain recent observations have been recorded which seem capable 
of no other simple interpretation than the assumption of free 
valencies. 

The facts are briefly as follows : in 1906 Thorpe and Bogerson ^ 
obtained two esters having entirely distinct properties, to which the 
following formulae were assigned : 

EOaC.C(CN). C = CH. COgB BO,C. OH(ON) . C = C. 00,B 

GH3 GH3 CH3 GH3 

The two esters on hydrolysis yielded one and the same a)3-dimethyl- 
glutaconic acid, that is, the two groupings are identical 



Ot 3 7 OL y 

— OH— « CH— — HaO-C - 0— 

A i 



k k 



Identity was also found to exist in the following pairs : at- and 
y-methylglutaconic acids and the a-methyl-y-ethyl and a-ethyl- 
y-methyl-glutaconic adds. In other words, the a and y positions are 
identical, no doubt for the same reason that determines the equality 
of the two meta positions in the benzene ring and the identity of 
compounds described under virtual tautomerism (voL i, p. 186). 

Two explanations might be given of the cause of this identity in 
the a and y positions : a dynamical one^ based on the assumption 
that the free hydrogen atom oscillates between the a and y positions 
with recurrent change of linkage, or a statical one, in which the 
atomic arrangement is fixed and symmetrical, a condition which 
would involve the conception of free valencies of the end carbon 
atoms or, what amounts to the same thing, the presence of two 
tervalent carbon atoms. 

The two views may be expressed thus : 

>0.0.C< >C-CH— C< 

In 1909 Feist ^ prepared a second and labile a-methylglutaconic 
acid which at first sight points to the existence of cis- and trans- 
isomerism and was so regarded by its discoverer, and the fact 
appeared to be confirmed by the preparation of other a- and fi- 
monoalkyl, aP' and aydialkyl-, and aySy-trialkyl-glutaconic acids in 
isomeric forms. ^ Were this a case of geometrical isomerism, it 
would dispense at once with both the foregoing explanations. 

^ TroM. Chem. 8oe., 1906, 87, 1669, 1686. * Anndtm, 1909, 870, 41. 

' Thorpe and Thole, Tram, Chwn. Soc,, 1911, 99, 2187. 
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THE THEORY OF FREE VALENCIES 21 

The inadequacy of the stereoiBoxneric explanation has been placed 
in a very clear light by Thorpe and his collaborators. ot-Alkylgluta- 
conic acid may be taken as a typical case. It is converted on treatment 
with acetyl chloride into an anhydride, which acts as a monobasic 
acid. It forms well-crystallised alkali salts from which acids liberate 
the original anhydride; it yields an acetyl derivative, and with 
phosphorus chloride, hydrozyl is replaced by chlorine. 

When hydrolysed with strong potassium hydroxide solution or by 
dilute alkali carbonate in presence of casein ^ the anhydride passes 
into the salt of the labile acid, which is rapidly converted by boiling 
with hydrochloric add into the stable acid. 

The process of formation and acid properties of the anhydride 
point unnustakably to one of the following formulae : 






.OR— CO XR:C(OH) 

>0 HC/ >0 

!H:C(OH) X5H.C0 



that is^ the free hydrogen atom of the three-carbon system passes to 
the oxygen, forming a hydroxyl group. Of the two, the first formula 
is preferred owing to the absence of pyruvic acid among the products 
of oxidation, which the second might be expected to yield. Now in 
the conversion of the alkali salt of the hydroxy-anhydride into the 
salt of the labile acid and the latter into the stable acid, the follow- 
ing changes will, according to Thorpe, occur : 

,CR— CO .CR . COOH ^CR . COOH 

>0 -^ HCf -^ R^C( 

^CH : qOH) ^CHa . COOH -^CH . COOH 

Hydroxy-anhydride. Labile acid. Stable acid. 

The different alkylglutaconic acids examined appear to behave 
much in the same way, and differ mainly in the stability of the 
hydroxy-anhydride and the labile forms of the acids which are 
greatly influenced by the position of the alkyl group. Glutaconic 
acid itself, though it gives a hydroxy-anhydride, forms no labile 
isomer. But what evidence is there for the existence of two 
structural rather than of two geometrical isomers ? 

The evidence is briefly as follows : ' glutaconic ester and its alkyl 
derivatives containing a mobile hydrogen atom, when treated with 
sodium ethoxide, give yellow sodium ethoxide compounds. When 

* Casein in small quantity acts as an < antieatalyst *. After treatment with 
dilute alkali the aoid is conyerted into the silver salt from which H^S liberates 
the labile acid. V^ith strong potash the dipotassiam salt of the labile acid is 
formed. 

' Thorpe and Bland, Tnm. Chim. Soe., 1912, 101, 871. 
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22 THE VALENCY OF CARBON 

the Bodium compound is decomposed by water the first product 
according to Thorpe must be the ester of the labile acid, a portion of 
which, according to the yarying stability of the acid, would pass into 
the stable ester. 

— RC . OOjCjHg RO . OO.CjHa 

CHa ♦- OH 



-h. 



!H . COgCaHfi CHj . COgO^H^ 

Stable ester. V ^ Labile ester. 

RO . OOjCgHj 



JSh 



I .ONa 

CH:C< 



Sodium ethozide oompoand. 

The two esters cannot however be diBtinguished, since they are 
both insoluble in alkaline solution. But by introducing two negative 
groups into the group carrying the acid hydrogen, the sodium 
compound is thereby rendered more stable in aqueous solution and 
can be separated from the normal ester produced at the same time by 
extracting the latter with ether. 

R . . COjCjjHa R . . OOjOjH^ 

CHj ^ OH 



I - I /ONa 

).C.OO,Cja[a 0«H^OOO.O:OC 

^00,H, 



CjHjOjC . . OOjCjHfi OjHfiOOO . : 0< 

X 

Stable ester. Sodium ethoxide compound. 

R. 0. COAHfi R. 0. OOjiOjiHs 

-•. OH -^ OH 

I /OH I 

OgHgOaC . : C<^ C2H5O2C . OH . COfi^Ils 

Labile enol ester. Labile keto ester. 

From the sodium compound which is present in the enolic form 
carbon dioxide liberates the labile ketonic compounds. The above 
process has been carried out in the manner described with the 
carbethoxy-derivatives of (x-methyl, ethyl, and benzyl*glutaconic 
esters and in each case a labile ester was isolated in enol and keto 
forms which underwent conversion into the stable ester. 

A very similar series of experiments conducted by Thorpe and 
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THE THEORY OP FREE VALENCIES 28 

Bland ^ on aconitic acid has revealed the existence of stable and labile 
forms of this acid, which the authors represent by the following 
formulae : 

— CH.OOaH CH.COjH 

CH.OOaH C.CO,H 

— CH . CO JEL CH, . COjH 

Stable. Labil«» 

Aoonitie aeicL 

In this case the labile acid is a comparatively stable substance, 
which differs from the normal acid in its melting-point and in its 
behaviour with acetyl chloride. Whereas pure acetyl chloride free 
from phosphorus chloride gives no anhydride with the ordinary acid, 
the labile modification is converted by both the pure and impure 
reagent. No attempt, it seems, has been made to determine the 
nature of the bromine addition products. 

Wemer'fl Theory of VnMttiiration. This theory, which is dis- 
cussed on p. 26 in connection with Werner's theory of valency, repre- 
sents the force of affinity as emanating from the centre of a spherical 
atom and distributing itself evenly over the surface. The distribu- 
tion may, however, change according to the nature of the attached 
atoms. In methane, where the atoms linked to the central carbon 
atom are the same, the amount of valency is evenly distributed 
among the four hydrogen atoms. In the case of a substance such as 
ethylene, the attached carbon atoms command a certain larger share 
of affinity. This larger share of affinity would appear at first 
sight to have the effect of binding the unsaturated carbon atoms 
more firmly than the smaller amount demanded by the saturated 
atoms. The explanation of this apparent paradox is given on 
p. 27. The phenomenon of geometrical isomerism as explained 
by Werner's theory has been discussed at length in vol. i, p. 128. 
lliere only remains the application of the theory to ring structures, 
and it must be confessed that this is its weakest point. Wemei-'s 
theory affords no satisfactory explanation of the peculiar stability of 
five* and six-atom rings ; on the contrary, the very reverse effect 
would be anticipated, that is to say, the carbon atoms when most 
closely in contact, and whose affinities would therefore be most 
completely neutralised, should offer the greatest stability, and this 
would necessarily exist in the smaller and not the larger ring 
formations. 

^ Trans, Chm, Soc, 1912, 101, 1490. 
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Squivalence of thtt Carbon Bonds. An attempt has been made 
to establish the equal value of the four carbon valencies by a method 
which consists in replacing successively the di£ferent hydrogen atoms 
of marsh gas by the same element or group and comparing the 
products in each case on the assumption that during interchange of 
constituents no migration occurs. Henry ^ succeeded in converting 
methyl iodide into methyl cyanide by four different methods, and in 
such a manner that a different atom of hydrogen in the original 
compound was replaced. 

The following scheme, which need not be described in detail, will 
indicate the nature of the process : 
CHal-^ CHaON 

CH3 . OOOH -^ CHaCl . OOOH -^ 
CHjON . COOH -^ CH,CN 

CH,(COOH), -> CHCl(COOH)j -> CH,C1 . COOH -^ OH3CN 



i 



!01Na(COOH), -^ 001(COOH)3 -> 

CHjClOOOH -^ CHaCN 

Equivalence determined in this way does not necessarily imply 
that each of the residual hydrogen atoms retains its original value 
after substitution has taken place, that is, keeps its original properties. 
In all probability quite the contrary is the case and, according 
to the nature of the substituent, the remaining hydrogen atom or 
atoms become more or less mobile, or, to put it broadly, every new 
substituent changes the character of the molecule. 

Theories of Valeney. We will conclude this account of the 
valency of carbon by a brief summary of the more common theories 
of valency. 

The recognition of different degrees of a£5nity in the formation of 
compounds of definite composition runs through the whole history 
of modem chemistry. It appears in Berzelius' electrochemical theory 
applied to compounds of the first, second, and third order, when, for 
example, a metal combines with an oxide, a basic with an acid oxide, 
and, finally, when two metallic salts unite to form alums and other 
double salts (see vol. i, p. 6), and it is clearly brought out in 
the principal and auxiliary valencies of Werner (p. 81), in the 
normal and contra-valencies of Abegg and Bodlftnder (p. 40), and in 

> Cmpt, rmd., 1887, 104, 1106 ; ZeU. phyHk. Oim,, 1888, 2, 568 ; Butt. Acad. rvy. 
SOg.f 1906 (8), 12, 644 ; 16, 888. 
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THEORIES OP VALENCY 25 

the partial and residual yalencies of other writers. The designation 
of unit of valency by a bond has, moreover, proved so servioeable in 
organic chemistry as to become an almost indispensable system 
in expressing the structure of compounds. If it is once admitted 
that valency may vary in strength as well as in number, the way is 
open for the creation of a variety of kinds of linkage. Recent years 
have witnessed the introduction of centric and zigzag bonds and 
dotted or partial valencies to denote aflSnities of a special kind. These 
symbols, it is true, are only used to interpret certain phenomena ; 
but they tacitly imply a diflPerence in the nature of the force of 
aflbiity for which there appears to be no suflScient justification. 

The theories of valency may for convenience be divided into those 
which are associated with certain physical properties, those which 
serve to explain the character of the phenomenon, and those, mainly 
electrochemical, which attempt to define the cause. 

YBlmcj and Vbjwi09l PvoportiM. Mendeleeff and Lothar Meyer 
showed that valency and physical as well as chemical properties 
were periodic functions of the atomic weight of the elements. The 
relation of valency to atomic volume in compounds has been further 
developed by Barlow and Pope, Le Bas and Richards, whilst Traube 
has attempted to establish its connection with refractivity. Barlow 
and Pox>e ^ suppose that each atom occupies a certain space or 'sphere 
of influence'. These units form aggregates which constitute the 
chemical molecule, and in a solid the crystal form is determined by 
the closest possible packing of the aggregate spheres. The under- 
lying principle of the theory is that the volumes of these spheres are 
determined by and proportional to the fundamental valencies of the 
atoms, and may be called the valency volumes. Thus, atoms of equal 
valency volume may replace one another without changing the 
predominant character of the crystal form, although variations in 
the ratio of the axes may occur. 

A similar theory has been propounded by Le Bas,^ who has shown 
that the molecular volume at the melting*point of a series of parafl&ns 
divided by the total valency of the atoms gives a mean value of 2*97. 
This represents the unit valency volume. Now the difference in 
valency value between each member of the series is 6, that is, the 
valency value of GHg, and consequently the valency volume is 
6 X 2-97 = 17*82, whereas the mean difference in molecular volume 
actually observed is 17*88 and is, therefore, in complete accord with 
the theoretical value. The fundamental idea is not new. Similar 

1 IVaiM. Cfum. Soc, 1906, 89, 1676. • Tram. Ckm. Soc,, 1907, 91, 112. 
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26 THE VALENCY OF CARBON 

views were advanced by Eopp from observations on the atomic and 
molecular volumes, and also by Schroeder, who introduced the idea 
of unit atomic volume or siere (p. 265). Traube ^ has also pointed out 
that the atomic refractivities for the Ha line for C, N, O, and H is in 
the ratio of 4 : 8 : 2 : 1. If the unit valency value is 0*787, then the 
molecular refractivity should be this number multiplied by the 
number of valencies. Normal pentane with 82 valency units has a 
Ma = 25 82, equal to that of valeric aldehyde Ma = 25-81 with the 
same number of valency units. 

Bichards^ regards the atoms as mutually compressing one another 
either by force of attraction or by cohesion, and has determined the 
diminution of volume which liquids and solids undergo by com- 
pression. On the assumption that in both physical states the atoms 
are closely packed, he attributes the amount of the compression to 
the diminution of space occupied by the atoms themselves, and not 
to that of the intervening spaces. There are, consequently, two 
forces which determine this compression, namely, cohesion and 
attraction, and he explains in this way the tetrahedral form of the 
asymmetric carbon atom by the unequal compression produced by 
the four di£ferent groups on the surface of the atom. 

Theories of Valency (Wemev'e Theory'). Werner's theory of 
valency possesses the attribute of simplicity. According to this 
view, which is based upon that of Claus,* valency is a property 
of attraction which emanates from the centre of an atom and is 
evenly distributed over the surface. The shape of the atom is of no 
moment as it is in constant motion, but it may be regarded as 
spherical In the union of an atom with the maximum number of 
other atoms, the latter will distribute themselves so as to produce 
the greatest neutralisation of their reciprocal affinities and the 
surface attraction will divide itself among the atoms according to 
their nature. The most stable arrangement will be that in which 
the largest surface of the central sphere is covered without over- 
lapping. This is taken to explain the difference in maximum valency 
manifested by sulphur and phosphorus in their union with the 
halogens, the lighter halogen atoms being present in largest number. 
SPe SCI4 SBra 
PCI5 PI3 
It accounts also for the existence of triphenylmethyl, but not of 

^ Bar., 1907, SO, 723. * Trans, Ohm. Soe,, 1911, 90, 1201. 

* 2Teu^9 Ansehauunifm wff dem Miete der anorganiscken Chwiie, by A. Werner. 
Vieweg, Brunswick, 1909. 
« Ber.f 1881, 14, 482. 
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THEORIES OF VALENCY (WERNER'S THEORY) 27 

GH,y for in the former the heavier group, like the heavier halogen, 
appropriates more valency. If all the four atoms attached to carbon 
are similar, as in methane, they will monopolize an equal amount of 
surface-attraction and arrange themselves in the form of a regular 
tetrahedron. If some of the atoms are different the distribution of 
affinity wiU be irregular, and if all four are different an asymmetrical 
tetrahedral grouping will result. 

Werner applies his theory to the union of two carbon atoms in 
the following manner. The full force of affinity will only be exerted 
at the points of contact of the two carbon atoms, and at every other 
point on the hemiefpheres the strength of affinity will be the resultant 
of the force emanating firom the centre and parallel to the line 
joining the centres of the two spheres. In Fig. 2 the force of affinity 
at the point where the dotted line meets the circumference of the 




Fxe. $. 

sphere may be resolved into the two forces a and ft, of which only a 
will be active in binding the two carbon atoms. 

The force gradually &lls away as the distance between the surfaces 
increases, thus leaving an amount of free affinity which has been 
estimated at less than one-half and more than one-third of the total 
affinity required for binding the other atoms. 

The case of unsaturated carbon has already been dealt with (p. 16), 
and in this case the amount of free affinity is calculated as nearly 
equivalent to that which is bound. By a similar disposition of two 
spheres Werner represents trebly-linked carbon in the acetylene 
series ; but as only one other atom is attached to each sphere the 
amount of affinity left for binding the two carbon atoms is greater 
than that used for either a singly- or doubly-linked system. It thus 
appears as if more affinity were employed in joining unsaturated 
carbon atoms than those in which there is a single linkage. To 
explain this apparent paradox Werner draws a distinction between 
stability and reactivity. This reactivity is determined by the amount 
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of the component b, Fig. 2, which is larger in ethylene and acety- 
lene than in ethane deriyatiyes,^ and senres to attach other atoms, 
thus rendering the unsaturated compound more sensitiye to chemical 
action. On the basis of this general conception Werner has elaborated 
a theory which explains among other things those complex struc- 
tures commonly known as molecular compounds. As the application 
of these principles is mainly concerned with inorganic compounds 
we haye giyen a brief summary of the latter on p. 31. 

The idea of a maximum of disposable affinity which may be 
differently distributed according to the nature of the imion has 
been utilized by FlQrscheim' to explain certain apparent anomalous 
affinity constants among the organic acids and bases. The theory 
has been embodied in the following proposition : * The strength of 
a chemical bond is a function of the disposable amount of chemical 
force in atoms and also of the polar nature of that force.' It is 
found, for example, that the unsaturated aliphatic acids haye the 
following yalues for E : 

K K 



Valeric aoid 


0.00165 


n. Hexoie acid 


0.00146 


o^Pentoio „ 


0.00148 


afi Hezenio „ 


0.00189 


py IT »> 


0.00886 


0y 99 99 


0*00264 


7« tf M 


0-00209 


7* 19 >f 


000174 






^ »> 99 


0.00191 



It is not obyious why the fiy acid in the aboye series should haye 
the highest yalue or why the second and fourth member in the 
second series should be higher than the first and third ; but if the 
distribution of affinity, as determined by electrochemical relations, 
is taken into account, the reason is plain. For according to 
Fltlrscheim the strength of the acid is determined by its affinity 
constant or the mobility of the hydrogen atom or, in other words, 
by the weakness of its attachment or that of the electron (see p. 37) 
to the oxygen of the carboxyl group. The double bond does not 
utilize the full measure of two whole yalencies of the atoms inyolyed, 
which are consequently able to part with an extra share to the 
adjoining atoms. If the distribution is represented by thin and 
thick lines the formulae will take the following form : 

afi R.CH:CH— C< ' weaker acid 

\0-H 



'-^C 



fiy B . CH : CH--CH,— C^ stronger acid 

* B4r., 1906, 39, 1278. « Trans. Chem, Soc., 1909, 06, 718. 
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yS B.CH:OH-<IHj-CHj— c/ weaker acid 

N)-H 

Se R.OHiCH— OH,— CH,— OH,— 0^ atronger add 

The same idea may serve to explain why the meta-, chloro-, and 
bromo-henzoic acids have a higher afiKnity constant than the para 
compounds. 





a- 

-H >w^ N)-H 

K - 00166 E - 00098 

Similarly tetraethylammonium hydroxide is a stronger base than 
triethylstannic hydroxide, for the affinity between the electronegative 
nitrogen and the electropositive alkyl groups is stronger than that of 
tin. Hence ionisation takes place more readily in the former case. 

H0-N<X«5» HO-Sn^OjH, 

Tschitschibabin ^ shares the general ideas of Werner and Httr- 
soheim, and like them discards the theory of multiple bonds. He 
distinguishes between valency or maximum combining capacity and 
atomicity or actual binding capacity (Bindefohigkeit), which may be 
anything less than the maximum, and being graduated cannot have 
a definite value nor be indicated by bonds. In unsaturated com- 
pounds, such as ethylene, carbon is triatomic, in acetylene and 
carbon monoxide it is monatomic. The more atoms the original 
atom can attach, the more saturated it is, the various degrees of 
unsaturation depending partly upon the degree of tmsaturation 
of the attached atoms, partly on the mass of the attached radicals, 
and partly on the opposite electrochemical character of the two. 

That the degree of unsaturation varies is shown by the varying 
value of the heat of combustion of the unsaturated carbon in ethylene 
compounds^ and their very different affinity for bromine, Ac, as 
shown by Bauer (see p. 68).' Triatomic carbon in ethylene by 
being joined to triatomic carbon would be more saturated than 
methyl ; in the same way triatomic carbon is more saturated by being 

^ J. prakt. Cham., 1912, 86, 881. 

• Swienio0Uw8ky, Z&U.phu9ik. Chun., 1909, 65, 618. 

* Baaer, J. prakt. Chem,, 1905, 72, 205. 
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80 THE VALENCY OF CARBON 

joined to two trlatomic groups than to one. In butadiene the carbon 
atoms 2 and 3 are more saturated than 1 and 4. 

12 8 4 

CHj— CH-CH-CIH, 

In diphenylbutadiene the atoms 1, 4 being attached to heavier 
radicals are more saturated than 1 and 4 in butadiene, and so forth. 
On this principle a number of interesting facts are explained, such as 
Thiele's rule (see p. 70) and the existence of triphenylmethyl, the 
stability of which is ascribed to saturation produced by the attach- 
ment of the central carbon to three heavy radicals by the three 
triatomic carbon atoms of the benzene nuclei. 

The theory also accounts for the saturated character of benzene, 
since the system consists of triatomic carbon atoms which produce 
a high degree of mutual saturation. It explains also the unsaturated 
nature of tetrahydrobenzene and also the greater unsaturation of the 
« as compared with the p and central carbon atoms in naphthalene, 
and consequent greater reactivity of the former, for the two central 
carbon atoms are each joined to three triatomic carbon atoms, whilst 
the P carbon atoms ai*e joined to two. The a carbon atoms, on the 
other hand, are linked to one ordinary triatomic carbon and to one 
central carbon atom, which, being highly saturated, cannot greatly 
increase the saturation of the a carbon, which is the least saturated 
of the three. The theory also serves to explain the rules of substitu- 
tion in aromatic compounds, and is referred to on p. 92. 

But it takes little account of stereoisomerism, the essence of which 
lies in the definite geometrical relations of the attached atoms or 
groups round the central carbon atom, or atoms, for which, if for no 
other piupose, the mechanical device of bonds has proved so fertile, 
nor of the nature of ring structure, which, as already stated, requires 
a definite disposition of the carbon valencies. 

Wunderlich,* whose views bear an outward resemblance to those of 
van 't Hoff, represents the carbon atom as a tetrahedron circumscribed 
round a sphere ; but the points of attraction are conceived as con- 
centrated at the centres of the four faces, so that a singly linked atom 
will be attached to the face and not to the corner of a tetrahedron. 
In this way the stability of the single bond will correspond to its 
geometrical form. 

In unsaturated compounds the carbons are represented, as in 

van 't HoflTs arrangement, by the edges of two tetrahedra, but in 

consequence of the points of attraction being situated at the centre 

of the tetrahedral faces, the forces joining the two carbon atoms a Oi 

^ KwJigvarcAim organi9GKer MoUkOUf Wurzburg, 1886. 
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will be the resultant of the two pairs of forces he and ft^^i* leaving a 
residue of affinity de and diCi, which may correspond to Thiele's 
partial valencies (see p. 70). 

A similar view has been adopted by Elnoevenagel, and has already 
been referred to (p. 19). 

Werner's Theory of Yaleney ^ (Molecular compounds). As we 
have seen in a previous section (p. 28), Werner regards the valency 
of each atom as distributing itself according to its spatial arrange- 
ments and its degree of affinity towards contiguous atoms. Compounds 
are thus formed of the first order, which do not necessarily exhaust 
the amount of affinity at the disposal of the 

atoms in question. This residual valency can fr « 

attach other atoms, and so form compounds of yS. y/^ 

(he sectmd order. In developing this conception 'T p 
Werner has introduced the terms principal and \^ 

auxiliary valencies to denote the above two k 

kinds of attachment The principal valencies / 

correspond to our ordinary valencies and bind /^ 

together atoms or groups whose saturation ^t'/ 
capacity may be measured in terms of hydrogen [^ ^ 

atoms. Such principal valencies are present in ^^ ^ 

—CI, — Na, — NOj, — CH3, &c. 

The auxiliary valencies^ which are expressed by dotted in place of 
straight lines (Fig. 8), represent residual affinities andlink together radi- 
cals which can function as separate molecules. Such, for example, are : 

-■OH2, •• -NHa, •• -CIK, -CrCla, &c. 
The two kinds of valencies are differentiated by their energy content, 
the principal valencies having a greater affinity than the auxiliary. 
The difference is, however, one of degree and determined by the 
degree of saturation of the other valencies. There is, in short, no 
definite line of demarcation between the two, but they merge and, 
under certain conditions, pass into one another, the auxiliary becoming 
principal and the principal auxiliary valencies. 

For example, the metal and oxygen in the oxides of the alkalis 
and alkaline earths are united by principal valencies and form stable 
oxideSy but nevertheless combine by their auxiliary valencies with 
water or alcohol, forming well-defined and stable hydrates and 
alcoholates, in which the OH and OB groups are linked by principal 
valencies. 

^ 'Smum Antukomingm axg drnn Qebieie dtr aiMrganiithm CkemU, by A Werner. 
Vieweg, Bmnswick, 1909. 
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>H 
)H 



BaO..+ -Hj,0 -#. BaO-HjO -♦ Ba/ 



In the same way ammonium chloride is formed by union of the 
auxiliary valencies of ammonia and hydrogen chloride. 

CIH.... + ...-NH, -♦ an NH. -* I \n/ W 



CX)' 



The formation of methylamxnonium iodide is produced in a similar 
fashion. 

CH3I •+ NHg -^ CH3I NH3 -> {NH,CH3)I 

The position of the halogen outside the bracket is intended to 
indicate a di£ference in its attachment and to show that it is ionised 
in solution, as explained below. 

The sulphides of arsenic, antimony, &c., combine by their auxiliary 
valencies with alkaline sulphides, forming sulpho-salts of considerable 
stability; and platinimi, palladium, and gold chloride form well- 
characterized salts with alkaline chlorides. Some compounds, indeed, 
increase in stablility by saturation of their auxiliary valencies. 
Ferric anhydride is stable in the ferrates ; certain persalts are stable, 
containing oxides which cannot be isolated ; manganese tri- and 
tetra-chloride are not obtainable in the £ree state, but readily form 
double chlorides and so forth. 

From some of the above examples it will be seen that the number 
of principal valencies is not a fixed quantity, but depends on the 
nature of the attached atoms. With the change in number there is 
a change in strength, and a consequent variation in the strength of 
the valency. There is, however, a maximum number of principal as 
well as of auxiliary valencies. Werner admits that the distinction 
between the two kinds is of a somewhat vague and indeterminate 
character, and is maintained 'because it seems necessary in the 
present transitional state of our views on valency to mark out well* 
defined areas on which a more comprehensive theory may afterwards 
be erected '• 

Before, however, concluding this account of the nature of principal 
and auxiliary valencies it should be pointed out that among the 
characteristics of radicals united by principal valencies is their power 
of functioning as independent ions, whereas those combined by 
auxiliary valencies lack this property. The difference may be illus- 
trated in the case of copper glycocoU, 
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CHa.NH, 

I } 

COO. Cu 

in which the copper forms an inner complex salt by means of its 
auxiliary valency so that in solution it does not undergo ionisation, 
whereas the same metal attached by a principal valency (as in copper 
acetate) is electrolytically dissociated. According to the electronic 
theory (p. 87) the atoms bound by principal valencies are characterized 
by the mobility of their electronSi a feature which is absent in those 
radicals which are attached by auxiliary valencies. Werner does not, 
however, regard the two characteristics of principal valency attach- 
ment and electrochemical behaviour as necessarily interwoven, but 
only in so far correlated that the saturation of the affinity simul- 
taneously loosens the electron from the positive atom and so allows 
it to transfer itself to the negative component of the salt. But the 
saturation of a principal valency is not always sufficient to produce 
this effect, and in many cases the saturation of auxiliary valencies is 
required. 

The element of a group which is separated by ionisation &om the 
rest of the molecule is usually denoted by placing it outside a bracket. 

Valency Zsomerimi. The distinction between principal and 
auxiliary valencies has been made the basis of a theory of valency 
isomerism, of which the following may serve as an illustration. Two 
isomeric methyl sulphites have long been known, both of which are 
principal valency compounds : 

\OCH3 ^OCHj 

Recently E. Briner has obtained an isomeric compound in which the 
two parts of the compound are represented as linked by auxiliary 
valencies. 

Without discussing at greater length Werner's views, which are 
mainly concerned with the constitution of inorganic compounds, we 
will conclude by referring briefly to the application of his theory to 
the structure of the metalammine compounds. The metal in these 
compounds is represented as directly linked to four or more, commonly 
to six, atoms or groups (NH3, NO3, H9O, CI, &c.). This number is 
called the ethordinaie numiber, and is a fundamental property of the 
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atom. The elementB or groupa which are directly attached to it, 
either by principal or auxiliary valencies, occupy what has been 
termed the fin^ gone and do not imdergo iomsation. 

01 NOg 

01\ I /NH3 N0,\ I /NH, 

or I NH, NO,"^ I NH, 

01 NOg 

All those compounds in which the maximum coordinate number 
is reached are called co-ordinately saturated. In most cases the 
co-ordinate number is 6, but in some cases, as, for example, that of 
carbon, the co-ordinate number is equal to the number of principal 
valencies, namely 4, and this is true of the other elements in the 
same periodic group. The neighbouring more positive element 
boron and more negative nitrogen, with three principal valencies, 

have also a maximum co-ordinate num- 
^4tx^^ ber, 4, and form compounds HF...BF8 

andXH...NH,. 




\y 



many < 

radicals, existed in isomeric forms. In 

order to explain this kind of isomerism 

Werner had recourse to a space formula 

Fie^ ^' in which the metal occupied the centre 

of an octahedron and the atoms or groups 

the six solid angles. By this device, that is, by a different space 

distribution of the six groups, isomerism can be readily explained. 

Four of the groups will lie in one plane and the others in a plane 

at right angles. The isomerism of the two platinum compounds will 

appear as follows: 





In addition to tfhis first sons of non-ionisable groups, there exists a 
second or ionisable cone. For example^ the following series of cobalt- 
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ammines are knowiiyin which X stands for an acid radical (CI,N02,&c.). 
G0XS + 8NH3 C0X3+4NH3 CoXs + SNHs 00X3 + 6NH, 

In the second, third, and fourth compounds of this series the sub- 
stances are ionised, and it has been shown that the number of ionisable 
acid radicals is respectiTely one, two, and three. This is indicated 
by placing the latter in a second zone outside the bracket, thus : 

I Co M fco ' X I Co Ixa |Co(NH3)Jx 

L (NH3)J L (NH3U L (NH3)5J L J 

The outer zone is not restricted to radicals ; for with an accumulation 
of acid radicals in the inner zone, the outer zone may be occupied by 
metallic atoms, fonning ionisable salts. Examples of this type are 
potassium chloroplatinate, potassium cobaltinitrite, and potassium 
ferro- and ferricyanides. 

[Pt01,]K, [Co(NO^,]K, [F*(CN),]K« [Fe{CN),]K, 

PotMsium Potassium Potassium Potassium 

ohloroplatinate. oobaltinitrite. ferrooyanide. ferrioyanlde. 

Briggs^ has made the interesting observation that space isomerism 
may dso be produced by members of the outer zone, and has prepared 
a second modification of a series of metallic ferrocyanides. The 
existence of these isomers is explained by a different distribution of 
the metallic atoms among the add radicals after the manner of the 
isomeric groupings in the first zone. 

CN ^'^ 

K-es^ 1 — ^-jr an^ 1 — w-« 

A further remarkable discovery of isomerism among this class of 
substances has recently been made by Werner,* who has succeeded 
in resolving asymmetric compounds into their optically active com- 
ponents. Werner found at an early stage in his researches that 
NHg could be substituted by other bases or organic amines, such as 
pyridine and ethylene diamine (NH^CH^ . GHsCNHg), the latter 

1 TrmM. Qkm. 80c, 1911, 09, 1019 ; see alio Looke and Edwards, Anm. Omn. J., 
1S9S, 81, 198. 
« B$r., 1911, 44, 1887, 8446, 8188, 8878. 

d2 
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taking the place of two moleoulea of ammonia. The formula for 
ethylene diamine may be abbreviated by using the symbol en. A 
compound of the formula 



[ 



, CI, 



O0NH3. 
01 J 

contains an asymmetric inner zone and may therefore exist in 
enantiomorphous forms. 

4: — I — fe, mf ry 

The inactive preparation has been resolved by fractional crystallisation 
of the ^bromocamphor sulphonates and then converting them into 
bromides (see vol. i, p. 168). The enantiomorphous bromides showed 
a rotation of [a] « ± 48°, and similar results were obtained with 
other derivatives of cobalt, as well as with asymmetric chromium 
compounds. 

Sldotroohemioal Theoriea of Yaldnoy. The application of elec- 
tricity to the explanation of afBnity and later of valency originated 
in the first instance in the process of electrolysis, which gave birth 
to the electrochemical theories of Davy and Berzelius (vol. i, p. 6). 
Those views have in recent years taken a more concrete and quanti- 
tative form by the discovery of two coiTelated phenomena, the first 
being, that the amount of electricity carried by the ion on electro- 
lysis is constant for each unit of valency, and the second, that it is 
precisely this amount which in the form of the cathode ray is con- 
veyed by the negative corpuscle or electron. The electron may 
therefore be regarded as the unit of negative electricity, the mass of 
which has been estimated at about ^^ of that of the hydrogen 
atom. The results of electrolysis led Helmholtz,^ as far back as 
1881, to connect unit electrical charge with unit of valency, a view 
which he expounded in his celebrated Faraday lecture in the follow- 
ing words : ' If we conclude from the facts that every unit of affinity 
is charged with one equivalent either of positive or negative electricity, 
they can form compounds, being electrically neutral, only if every 
unit charged positively unites under the influence of a mighty 
electric attraction with another unit charged negatively. Tou see 
^ Trom, Chtm. 8oe., 1881, 89, 802. 
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that this ought to produce compounds in which every unit of affinity 
of every atom is connected with one and only one other unit <rf 
another atom. This, as you will see immediately, is the modem 
chemical theory of quantivalence, comprising all the saturated com- 
pounds. The fact that even elementary substances with few excep- 
tions have molecules composed of two atoms makes it probable that 
even in these cases electric neutralisation is produced by the com* 
bination of two atoms, each charged with its full electric equivalent, 
not by neutralisation of every single unit of affinity/ 

The EXeeteonio Thaoxy of Yalenoy. Sir J. Thomson's discovery 
of the nature of the electron has associated the notion of unit mass 
of the atom with the electron, the electron being, as already stated, 
the unit of negative electricity ; for it seems not improbable that the 
number of electrons corresponds to the atomic weight. What then 
is the nature of the positive charge which neutralises the charge 
of the electrons? No very definite answer is forthcoming, for, unlike 
the electron, it has never been isolated. Experiments make it appear 
probable that the unit positive charge is united to a mass of the 
size of the chemical atom, or, more probably, that it is concentrated 
on a central nucleus. 

Thomson's Theory. Thomson regards the atom as consisting of 
a positively charged sphere, through which the electrons are dis- 
tributed. The nature of the atom is therefore determined by the 
size of the positive sphere and the number and position of the electrons, 
as well as by the disposition of the field. By a very ingenious 
device Thomson^ has sought to correlate atomic weight, electro- 
chemical character, and valency in accordance with the periodic law 
by reference to the number and distribution of the electrons grouped 
within the positively charged sphere. Without a full knowledge of 
the atomic structure a complete explanation is impossible; but 
assuming the simple case of electrons being confined to one plane, 
it is possible to work out the arrangement which the electrons would 
assume by virtue of their mutual repulsions and the attraction of 
the positive chargOi Under these conditions they would move in 
concentric circles. Suppose, for example, that the number of electrons 
is 60, they would arrange themselves in five rings of 20, 16, 18, 8, 
and 8. If one, two, or three electrons were added (the compensating 
positive charge being also increased) the number of electrons in the 
innermost ring (8) is not changed, but only those in the outer 
rings. On adding four electrons the inner ring is increased to 4. 

1 PhU. Mag., 1W)4 (6), 7, 287. 
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Farther addition may iuorease the inner ring to 6 but no 
more. 

The increase of number in the inner rings renders the outer ring 
more or less stable ; in other words, the outer ring may lose or gain 
electrons, thus conyerting the atom into an electropositive or electro- 
negative element. For example, when the number of electrons is 
60, the outer ring is unstable and is ready to part with an electron. 
It is therefore electropositive and constitutes a univalent positive 
atom. By the addition of an electron to an inner ring the stability 
of the outer ring is increased. With 61 electrons the outer ring 
could a£Ford to part with two electrons, though not so readily as 
a ring of 60 parts with one. The former would constitute a weaker 
electropositive and also bivalent atom and so forth. By further 
additions the outer ring may become so stable that an electron may 
eventually be absorbed without breaking it The atom is then 
electronegative. This occurs when 66 electrons are present. With 
67 electrons the outer ring can neither gain nor lose electrons. The 
atom now possesses zero valency. When the number is increased 
to 68, the outer ring is increased to 21 and its instability returns. 
The element regains its electropositive character. There is a 
periodical recurrence of electrochemical properties with change of 
valency, in accordance with the periodic law. 

Stark's Theory.^ According to Stark there are two kinds of 
electrons, fixed and movable. The fixed electrons are disposed 
within the positively charged sphere constituting the atom, the 
movable electrons lie outside the atom and at some little distance 
from it and are attached to it by lines of force. The movable electrons 
have been termed vaUney electrons. It is by means of these electrons 
that combination is effected between similar atoms to form molecules 
and between diFisimilar atoms to form compounds. Lines of force 
pass out from the electrons to other atoms with a loss of potential 
energy. According to the number of these lines, attachment is 
weaker or stronger. Thus, atoms do not combine directly, but in- 
directly by virtue of their mutual attraction to the electron. A single 
bond will correspond to a union by means of one electron, a double 
bond by that of two electrons, a treble bond by three, and a free 
bond will be represented by an unattached electron. The existence 
of stereoisomerism is readily explained on the assumption that the 
lines of force of the valency electrons are confined to definite areas 

1 PrimUpim der jLt<nnd^namik, J. Stark. Hirzel, Leipzig, 1910. 
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on the atom. What is the number and distribution of the valency 
electrons ? Whikt positive valency can be determined by the number 
of valency electrons that an atom can lose on ionisation, the negative 
valency may be derived from the £Mt pointed out by Abegg (see 
below) that the sum of the maximum positive and negative valencies 
of any'atom is eight. Thus, carbon has a valency of —4 in CH4 and 
+ 4 in CCI4, phosphorus of —8 in PHg and + 5 in PCI5, iodine of 
-1 in HI and + 7 in I^O^. 

It appears, therefore, that the greatest number of valency electrons 
which an atom can hold is eighi Drude, on the other hand, 
estimates the number of valency electrons from the positive valency 
of the atom, from which it follows that the smaller the negative 
valency, the larger the number of valency electrons. 

Stark regards the difference between electropositive and n^;ative 
elements as due to the greater or smaller positive charge on the atom. 
An electropositive atom, such as chlorine, will be one with a large 
positive charge and therefore able to retain a number of electrons, or 
attract others from electropositive atoms. An electropositive element, 
such as hydrogen, will, on the other hand, have a small positive 
charge, which requires few electrons to neutralise it, and the latter 
will be attracted to electronegative atoms of large positive charge. 
The reactivity of both kinds of atoms will be due to the ease with 
which they attract or repel electrons. 

An atom, such as carbon, which combines with both electropositive 
and negative elements is assumed to possess four electrons, with 
which it is able to bind four equivalent electronegative atoms ; but 
as the lines of force of the electrons occupy a restricted area on the 
atom, the lines of force of four electropositive atoms may fall on inter- 
mediate positively charged areas. It is not, however, clear why the 
two kinds of valency should not function at the same time, a condi- 
tion which, at least in the case of carbon, is unknown. In addition to 
the property of causing combination, Stark has shown that the valency 
electrons are probably responsible for ionisation and the phenomenon 
of light absorption and other optical properties (see p. 842). 

Thus the form of the positive sphere, the number and position 
of the electrons, and the distribution of the lines of force determine 
the character of the atom, that is, its affinity, valency, &c. It is by 
the lines of force emanating from the valency electrons that affinity 
is manifested and atoms are bound together in a molecule. 

In unsaturated compounds it is assumed that there is a certain 
amount of residual affinity, that is, valency electrons whose lines of 
force are turned back and end on the positive spheres of the 
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unaaturated atoms. Addition produces a fusion of the lines of f oroe 
of the unsaturated atoms with those of the added atoms and conse- 
quent degradation of energy of the system. The unlocking or 
opening of these lines of force may be produced by adding energy 
to the system in various forms, heat, light, or the action of the 
solvent, &a^ This change in the energy content affecting the 
electrons in the molecule is manifested by the absorption of light or 
by the associated phenomena of fluorescence (p. 881), phosphores- 
cence (p. 881), or photochemical action (p. 892), referred to in 
Chapter V. 

Theory of Abegg and Bodlftnder.* A brief reference has already 
been made to this theory and the meaning which is attached to the 
term normal and contra-valencies (p. 8). The normal valencies are 
the stronger and are electropositive for metals and electronegative 
for non-metals. Their strength is affected by combination, which 
falls off as saturation proceeds. The activity of the contravalencies 
increases with increase in the negative character of the element and 
also with its atomic weight This explains the existence of a stable 
oxide of iodine but not of fluorine. The activity of the contra- 
valencies among negative elements also determines the formation of 
di- and poly-atomic molecules. Being latent in the metal, they possess 
monatomic molecules. The existence of latent contravalencies explains 
the formation of molecular compounds whose component molecules 
are similar. For when uncombined one component should contain 
an element belonging to the higher groups of the periodic system, 
and this is found to be the case. Compounds such as HgO, NO^, HF, 
AICI3, &c, and organic hydroxy-compounds, oximes, and aldehydes 
enter into molecular compounds. The double fluorides and chlorides, 
water, and alcohol of crystallisation are examples. The same reasoning 
accounts for ordinary molecular compounds such as (CH8)20. HCl, 
NH3.HCL In the latter case the formula will be represented 
thus: 

H+- + ^^ 

but it is improbable for reasons already given (p. 8) that the fourth 
hydrogen atom is combined differently from the other three. 

» Baly, ZeU. /. EWUroehmie, 1911, 17, 211 ; Tram. Chim. Soc, 1912, 101, 
1469, 1476. 
> Zeit. anorg. Chm., 1899, 20, 458; 1904, 89, 880. 
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Solutions where combination of solute and solvent is indicated by 
thermal and other changes are placed in the category of molecular 
compounds. These changes are most marked when substances 
contain elements of high but unsaturated valency. 
In electrolytic solutions the following equilibria may occur : 

Ion + ion ;^ Undissociated molecules. 
Ion + solvent ^ Compound of ion + solvent 

Undissociated molecules + solvent :^ Compound of the same. 

Feebly dissociating solvents are those which have no great 
tendency to combine with ions. If the tendency to ionisation is 
well developed, the affinity of the undissociated substance for the 
solvent is unimportant, as the non-ionised substance will not reach 
a high concentration compared with the ions. The case is represented 
by solutions of strong electrolytes whose solubility is determined 
by the affinity of ions for the solvent, and is therefore great in water, 
compared with the solubility in fuUy dissociated media. Sulphur 
dioxide, for example, is found to combine with those substances which 
undergo ionisation in the liquid. Briggs ^ has applied Abegg's theory 
in order to explain the structure of the metalammine compounds. 
The radicals do not form two zones as Werner supposes, but are all 
directly attached to the metallic atom by virtue of their positive 
and negative affinities, with which each atom is provided. For 
example, the platinum atom is capable of combining with six positive 
affinities and four negative affinities. By its positive affinities it can 
attach the negative affinities of four atoms of chlorine, and by its 
negative affinities it can attach the positive affinities of six molecules 
of ammonia. Ammonia has only one available positive affinity, since 
its other positive and negative affinities are saturated by the positive 
and negative affinities of hydrogen. 

H 

it 
HjiN 



a 



Chlorine has one positive and one negative affinity. The three 
compounds (Pt 4NH3Cla)Clj, (Pt aNHgClgP, and (Pt 2NH3CI4) may 
be represented by the following formulae, in which the free affinities 
are indicated by dotted arrows and the combined positive and negative 
by arrows pointing in reverse directions. 

1 Tran$. Chm. iSoc., 1908, 98, 1G64. 
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I " ^?» NH, 

NhI-^^^CI NH,-..Pt3ci Cl^^^Cl 

♦.-d^ Cl5i ^ ^ t 

L n. ui. 

The ohlorine atoms with free aflSnitiea ar» those which undergo 
ionisation. Thus^ in I two atoms of ohlorine and in II one atom of 
chlorine are ionised, whereas III is electrically neutral The same 
idea has been applied to formulating E^PtCle, 

i 
Cl5± o* 5i01 

01 jn: *^ 5* ca 



I 



in which the two metal atoms attached to the free affinities of the 
two chlorine atoms undergo ionisation. Briggs has also applied 
Abegg's solution equilibria, referred to above, in order to show that 
there will be less tendency on the part of the chlorine atoms towards 
ionisation by reason of the residual affinity of the water molecules 
when attached by two kinds of affinity than by one. 

Whatever theory may be ultimately evolved to account for valency, 
it seems at least certain that the notion of a homogeneous solid atom 
must be relinquished. The penetration of the atom by « and ft 
rays has been so conclusively established^ that, if chemical 
affinity has an electrical origin, the atom will have to be represented 
as a small universe of electrons held together by the disposition of 
electrical force& It will be shown in subsequent chapters, especially 
in that dealing with the absorption of light and chemical structure 
(p. 842), that not only may the electrons determine the electro- 
chemical character, valency, and possibly mass of the atom, but, 
by their number and permanent or temporary redistribution in the 
molecule, such properties as reactivity, light absorption, fluoxescence^ 
phosphorescence^ and photochemical change. 

1 SMUu in BadioacUvtty, by W. H. Bragg. MaomilUn, 1911. 
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CHAPTER II 

THE NATUEE OP OEGANIO REACTIONS 

Ik the preceding chapter we have discussed the valency of carbon 
and the views which have been put forward to explain the pheno- 
menon. We have now to inquire into the causes which bring 
about the interaction of two substances. 

YaleAoy and AiBnity. The first question which naturally 
suggests itself is what relation exists between valency and chemical 
afSnity; does the quadrivalency of carbon, compared, say, with 
the univalency of chlorine, imply a correspondingly higher chemical 
affinity? Before answering this question it may be well to 
consider briefly the nature of chemical affinity, or the force which 
binds the elements together. This has already been touched upon 
in the previous chapter. It is generally assumed that opposite 
electrical properties of the elements determine the readiness with 
which they unite and the stability of the union. It is manifested 
by the evolution of heat or by the loss of some other form of 
energy. Thus, hydrogen and chlorine, representing a highly 
electropositive and electronegative element in the electrochemical 
series, unite with loss of energy, and this energy must be supplied 
if it is desired to break down the union ; in other words, the greater 
the loss of energy, the greater the stability of the product. The 
compound formed in this case, namely, hydrogen chloride, is highly 
ionised in aqueous solution. Exactly the same is true of the 
compound of sodium and chlorine. On the other hand, we have the 
phenomenon of atoms of the elementary gases joining together in 
the form of molecules and of still more highly polymerised forms, 
as, for example, carbon and sulphur, of such stability that they are 
only decomposed with difficulty. 

It is clear then that chemical affinity is at times independent of 
opposite electrical character unless we are prepared to admit, like 
Abeggand Bodlftnder and others (p. 40), that the atoms are furnished 
with both positive and negative charges which may be brought into 
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action when required. This view is, however, attended by serious 
di£5culiies, which may be illustrated in the case of carbon.^ 

Carbon, as already pointed out, occupies a unique positi(»i in the 
periodic table. Its position midway in the electrochemical series 
gives it a neutral character which enables it to enter into union with 
both electropositive elements, such as hydrogen, and electronegative 
elements like chlorine. It is noteworthy that although free carbon 
can only be induced to combine with great di£Bculty with either 
hydrogen or chlorine, the compounds formed, OH4 and CCI4, are 
not only stable at moderately high temperatures and under the 
action of many reagents, but are not appreciably dissociated in 
solution. Moreover, the elements linked to carbon retain something 
of their properties in the free state. Carbon, for instance, when 
combined with hydrogen, forms a strongly electropositive methyl 
group, but when joined to chlorine produces a strongly electronegative 
CCI3 group. The e£Fect is seen on introducing the two groups in 
place of hydrogen into formic acid. Acetic acid, CH3 . GOOH, is 
weaker by about one-twelfth than formic acid, as proved by its 
affinity constant ; trichloracetic acid has more than 6,000 times the 
strength. 

This peculiar character of carbon of acting as a neutral atom to 
which other atoms may become attached without renouncing their 
original properties has been referred to by van't Hoff' as inertia 
(Trftgheit) and by Michael as plastkUy^ It is to this same inert 
character that van 't Hoff attributes the slow reactivity of organic as 
compared with inorganic compounds, or, as we should now say, the 
smaller tendency to ionisation.^ 

But if carbon exerts little influence on the character of the atoms 
attached to it, it preserves the property, which it possesses in the 
free state, of polymerising, that is, of combining with itself to form 
aggregates of atoms and carbon chains. This again appears to be 
a peculiarity of its position in the periodic system ; for the tendency 
to polymerise or to form chains falls away in the periodic groups 
lying to the right and left of carbon. Chains of three and four atoms 
of nitrogen are known, but are unstable, and attempts to lengthen 
them have met with increasing difficulty, whilst in the case of 

^ Some of the ideas which are expressed here are derived from the AntUhUn 
HhtT dU orgtmtaehi OkemU, by J. H. van't Hoff, 2 Tols., 1878 and 1881, Vieweg, 
Bnmswiok. Althoush this classic is now nearly a third of a century old and 
appeared at a time when organic chemistry was widergoing its most rapid 
development, many of the views which find ezpressioin there are still eminently 
suggestive and as applicable to present-day problems as when they first appeared. 

rifwicM^ vol. i, p. 244. • J. prakt. Ghm., 1829, 60, 826. 

* ^fiiicMm, vol. i, p. 288. 
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oxygen the perozideie^ peraoidsy and osonides readily and sometimes 
explosively break up and lose oxygen. 

We may then ask: is this tendency to polymerise which is 
exhibited by free carbon in carbon chains effected by means of the 
opposite electrical polarities of the individual atoms ? If so, the end 
atoms of a chain, like the top and bottom disks of a voltaic pile, 
should show opposite polarities ; but there is no evidence that this 
is the case. For if it were so, the halogen atoms at the two ends 
of a carbon chain should possess different reactivities, which they 
do not, otherwise hexylene dibromide and sodium should yield 
dodecylene dibromide, CjsH^Bra, whereas cydohexane is formed.^ 

We may therefore conclude that the tendency to polymerise, like 
chemical affinity, is a function of the atomic weight and is associated 
with the position of the element in the periodic system ; that increase 
of valency up to the central group is not attended by an increase, but 
by a decrease in chemical energy.' According to van't Hoff ' it is 
the high valency combined with the chemical inertia of carbon 
which determines its union with so many different elements, as well 
as with itself, and which explains at the same time the formation of 
the vast number of organic compounds. 

TypM of B«aotiona» What, then, determines chemical union? 
Before answering this question we will consider the different kinds 
of organic reactions. Van 't Hoff ^ classifies them into three types. 
In the first, addition occurs between two unsaturated molecules by 
means of one of the double bonds without cleavage of either molecule. 

The product has in consequence a cyclic structure, 
00 NH 00— NH 

HN C:NH " HN— C:NH 

Cyanic acid. Oyanamide. Oarbodiimide. 

In the second type, addition occurs between an unsaturated and 

a saturated molecule, with cleavage of the saturated molecule. The 

additive compounds, which the olefines form, come under this head. 

HaC Br GHgBr 

H^O Br GH,Br 
The third type represents ordinary substitution in which both 
molecules are saturated.' 

> W. H. Perkin, B$r., 180i, 87, 216. 

« Blomstrand, CkMtii der JiMmU, 1869, 817, 848. Hinriolia«n, M«. phytfk, 
Ch$m., 1901, 88, 806. 

• AnMiim, toI. ii, p. 240. « AnaUhlm, toI. i, p. 8. 

* There is a fourth typ« in whioh the moleeale interaeta with itself, condenaea 
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To explain the union of methane with chlorine we shall have to 
assume one of two things, either that addition precedes substitution, 
OH, + Ga - CH4Cla 
CH^CIa - CH3CI + Hd 
or that each molecule under the influence of the other dissociates, 
the methane into methyl and hydrogen, and molecular into atomic 
chlorine. 

CH3 01 CH3OI 

+ I - + 
H 01 HOI 

The first yiew was held by A. Eekuld, and in a modified form 
by J. U. Kef; the second by Williamson, who gave expression to it 
in propounding his ' Theory of Etherification ' (1861). Eekul^, in 
his Lehrbuch (1867), vol. i, p. 142, says : * When two molecules react 
upon one another, they attract one another by their affinity and 
unite; the relation between the affinities of the single atoms 
frequently causes the atoms, which had previously belonged to 
difiFerent molecules^ to come into the closest attachment. On this 
account the atomic groups which were originally separated in one 
direction, when joined to the other molecule, separate in another 
direction/ The process may be represented by black and white 
spheres, thus : 

eo 

: + 8 -^ 18 -* + 

eo 

This view has been very generally adopted. Van't Hoff^ has 
pointed out that many substitution processes may be most simply 
explained by addition, and MichaeP has accepted the same view, 
which will be more fully discussed later. It receives further support 
from the theory of ensyme action, according to which enxyme and 
substrate unite before cleavage (see voL i, p. 866), and from Fischer's 
explanation* of optical inversion (see vol. i, p. 88), whereby the 
reagent, which causes it, is represented as attaching itself to the atom 
before forming an additive compound which subsequently breaks 
down in a manner which may or may not cause a change in the 
spatial arrangement of the remaining groups. The researches of 
Schmidlin and Lang,^ who have been able to prove the existence of 
such additive compounds from a study of the melting-point curves of 
reacting compounds, point in the same direction. The theory also 

or pol7m«rise8. All the four typet may occur in the cam of a single compound 
as illustrated by the ketones (p. C6). 

1 AntkkiiH, toI. i, pp. 8S6, 844. * /. pfM. Chmn^ 1888, 87, 488. 

• ^fifiobn. 1911, 881, 138. • Bit., 1910, 48, 8808; 1918, 40, 899. 
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fits in with Werner's notion of residualaffinity or auxiliary yalencies. 
In this connection it is interesting to note that EekuU, who was 
a strong supporter of the theory of fixed valency, should have 
originated an idea which was directly opposed to it. 

Nef ^ considers that chemical reactivity depends on dissociation, 
and at the same time on the additive power of the substituting 
molecule, by virtue of its residual valencies. 

CH,— H + 01-01 = OHs H = OHja + HOI 

01-01 
Both these views have been extended to the synthesis of organic 
compounds, in which wide scope is given to their application 
(p. 161). 

There is a fourth type of reaction in which both reacting molecules 
are saturated, yet unite without cleavage. Under this type may be 
included those loose combinations, commonly known as molecukr 
compounds, represented by substances containing alcohol, benzene, 
and chloroform of crystallisation, those formed by the union of 
aromatic nitro and nitroso compounds * with aromatic hydrocarbons 
and amino compounds, perbromides of the organic bases, and com- 
pounds such as piperidine and carbon tetrabromide, 05HiiN(CBrJ.* 
As already stated, such combinations find no place in the ordinary 
views of a definite valency number, but are readily explained on 
Werner's theory. 

Among the many reactions, drawn bom one or other of the 
different types, which might be discussed, we propose to limit 
ourselves for the present to those of the unsaturated compounds, as 
having been most carefully studied and affording the most varied 
and most interesting results. 

Addition* Beaotioxuiof UxuiatiuratedCompoiuidM. The simplest 
case of a reaction between molecules is one where direct union occurs. 
The theory of unsaturated compounds depends in the first instance on 
the formation of what are termed additive compounds (p 16). 
Where they are formed it is possible^ as a rule, to discover one or 
more elementary atoms in the original compound whose maximum 
valency has not been utilized, and these atoms are represented as 
points of attachment for the new molecule or molecules. Thus, 
hydrocarbons of the ethylene and acetylene type and their derivatives, 

1 jinfiolm, 1891, 866, 59 ; Joum. jImmt. Ch$m, Sm., 1904, S6, 1668. 

* Schraube, £«r., 1875, 8, 617. 

* Dehn and Dewey. Jcwm. Amtr, Oum. Soc, 1911, 88, 1588. 
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also aldehydee and ketones, cyanides and isocyanides, oyanates and 
isocyanatee, azo- and diazo-compounds, &c., all of which form 
additiye compounds, are readily explained on the theory of the 
unsaturation of certain atoms. 

But there are numerous other compounds which form simple 
additive compounds where the explanation is not so simple. In the 
pyrones ^ (p. 208) the oxygen is made quadrivalent in order to afford 
a convenient point of attachment for the molecule of acid with 
which they unite, and the structure of the quinhydrones (p. 871) is 
explained in the same way. The existence of molecular compounds 
of aromatic hydrocarbons, phenols, and amino-compounds with di- and 
tri-nitrobenzene and picric acid, and of the perbromides of bases, &c., 
affords further examples for which unsaturation cannot conveniently 
be made to serve. It is for this reason, as we have seen, that 
Werner has introduced the notion of auxiliary in addition to ordinary 
or principal valencies (see p. 81). 

Nor is it every unsaturated compound that is capable of forming 
an additive compound ; there are, for example, hydrocarbons of the 
ethylene type which refuse to unite with hydrogen, halogen acid, or 
halogen. We are thus confronted with conditions in which, on the 
one hand, atomic unsaturation is for some reason suspended, and in 
which, on the other hand, addition occurs where unsaturation cannot 
be assumed. 

A study of the conditions determining unsaturation may throw 
some light on the nature of this prox>erty. 

Nef divides unsaturated compounds into three categories, namely , 
those which contain a single, active, unsaturated carbon atom, such 
as carbon monoxide, the alkyl and acyl isocyanides, hydroc3ranic 
acid, fulminic acid and its salts, and mono- and di-halogen substituted 
acetylenes. They exhibit unsaturation in the same way as com- 
pounds of the second or ethenoid type, with the difference that the 
new pair of atoms or groups attach themselves to the same carbon 
atom instead of distributing themselves between two. The bonds 
may be free and active, or latent and inert, but it is only in the 
former condition, according to Ne^ that addition can occur. The 
two are in d3^iamic equilibrium, and may be represented in the case 
of the alkyl isocyanides in the following manner : 

BN = C= Z^ EN = CI] 
Aeiiye. Inaeiiye. 

The process of addition is supposed to occur by partial or complete 

1 TVafw. Ckm. 80Cj 1899, 76, 710. * Jwm. Anur. Chm. Soc., 1904, 26, 1549« 
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dissociation of the addendum into its atoms or constituent groups, 
which then unite with the active valencies of bivalent carbon. 
Thus the isocyanides form additive compounds with chlorine in the 
following way : 

yCl JCI 

RN:C: + a:a -♦ RN:G<(|| -♦ RN:C<Q 

The other additive compounds of the isocyanides have already been 
discussed under bivalent carbon (p. 8). The second class of 
unsaturated compounds includes those of the ethylene type which 
combine by direct addition to a pair of unsaturated atoms, and 
constitutes the largest and most important class. 

The third group includes those closed atomic chains such as cyclo- 
propane and propylene oxide, which, though apparently saturated, 
unite with halogens, halogen acids, &c., like the defines (p. 118). 

Addition (Bthenoid Coapomids). Ethenoid compounds, it is 
well known, enter as a rule into union with hydroxyl, ozone, the 
halogens, halogen acids, sulphuric and hypochlorous acid, nitrosyl 
chlorides, nitrogen tri- and tetroxide, and less frequently with 
ammonia, the amines, mercaptans, and alcohols.^ The subject has 
been carefully studied by Michael,' who has laid down certain 
general propositions, which he regards as determining the course of 
these and similar reactions. Adopting the principle laid down by 
Ostwald that ' every system tends towards that state whereby the 
maximum entropy is reached ', Michael ' replaces the word entropy 
by chemical neutraUsatUmf that is, the neutralisation of the chemical 
energies or affinities of the reacting atoms. He has further applied 
Ostwald's idea of the distribution of affinity among acids, or acidUy* 
to the formation of additive compounds under the term distribution 
prine^Uy which he explains as follows : 

'If two unsaturated atoms A and B are present in an organic 
molecule which exhibit unequal affinity towards C and D of the 
addendum CD, and if A has a greater affiniiy for C than B has, 
addition will occur if the affinity of AG-^-BD is greater than that of 
CDy and the more readily and completely the larger the difference. 
In this process of addition not only the affinity of J. to (7 and of 
BU> D comes into action, but also that oiAioD and of JB to C, and 
therefore the further possibility is presented, not only of the com- 
bination otAO-i-BD, but of AD-^BC, and the latter in increasing 

^ For a more complete list see J. U. Nef, JLnnalm, 1897, 298, 806. 

* J. prakL CStom., 1899, 60, 286, 410 ; Ber,, 1906, 89, 2188. 

* /. prakt. CHem., 1899, 60, 292. * Thomsen, Pogg. Ann., 1869, 186, 497. 
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proportion the nearer the two combinations AC+BDyAD + BC 
approach one another. If the relations are changed in any way so 
that the afSnity of J. to exceeds relatively that of B to C, the 
formation of AC-k-BD must increase at the expense of AD-k-BG^ 
and if B has a greater affinity than J. to 2> it may happen that the 
amount of AD + BG becomes so small as practically to vanish.' 

This principle, taken in conjunction with that of maximum 
neutralisation, will determine the course of the additive process. 
The latter may take the form of what is termed by Michael the 
negcUive^posUwe rukj where the maximum neutralisation is attained 
by the electronegative atom or group of the addendum attaching 
itself to the more electropositive atom of the unsaturated molecule, 
and the more electropositive atom to the more electronegative part 
of the molecule.^ For example, in propylene, CH3 • CH : CH,, the 
electropositive radical CH3 will influence the central more than the 
end ethenoid carbon by rendering it more electropositive. Cronse- 
quently, on the addition of hydrogen iodide, the electronegative 
iodine atom will be mainly attracted to the central carbon. This 
proves to be the case. At the same time a small amount of nonnal 
propyl iodide is formed in agreement with the principle of 
distribution. 

If in place of hydrogen iodide, whose constituents lie widely apart 
in the electrochemical series, Id be added to the compound, a 
certain quantity of CH3 . CHI. CH^Cl should be formed in addition 
to CHs.CHCl.CHsI. If, again, BrCl be employed, the relative 
quantities of the two products must become still more nearly equal. 

Experiment has fully confirmed this result, for Michael found 
that the proportion of primary to secondary chloride in the first 
case was 1 : 8, and in the second 5 : 7.* 

The action of negative groups in the unsaturated compound will 
also influence the result by rendering the neighbouring ethenoid 
carbon more negative. This is a common observation among 
unsaturated acids, like acrylic add, with a strongly negative 
carboxyl group. Here the halogen of the halogen acid attaches 
itself to the P carbon. 

From the above considerations, the rule laid down by Markownikoff ' 
that the halogen of a halogen acid attaches itself to the least hydro- 
genated carbon, though by no means free from exceptions, will be 
readily understood ; for the least hydrogenated carbon will usuaUy 
be the one situated next to the strongest electropositive hydrocarbon 

1 J, praJd. Chem.f 1892, 46, 206. ' J. prM, Chm., 1892, 46, 845, 452. 

> AfmaXm, 1870, 163, 256. 
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radical. Let ua take the caee of a substituted olefine such as 
^-bromopropylene, CHs.CBriCHj. The addition of hydrogen 
bromide produces ^)3-dibromopropane.^ The effect here is due, 
according to Michael, to the neutral character of the carbon atom, 
whereby the mutual attraction of the bromine atoms in the free 
state is still exerted, under the concurrent influence of the electro- 
positiye methyl group. If, on the other hand, the bromine occupies 
the tt position, CH3 . CH : CHBr, the attraction of the bromine atom 
as well as the proximity of the methyl group act in opposition ; the 
hydrogen bromide distributes itself, so that both propylene bromides 
are formed, namely, OH3. CHBr. CHjEr, CH3 . CH^ . CHBrg. 

Michael^ considers that in longer chains reactivity may be 
influenced and modified by spatial considerations, and that, for 
example, a carbon group in position 5 and 6 relatively to the 
unsaturated carbon atom may, by its tendency towards ring-forma- 
tion, and, therefore, by its proximity to the unsaturated carbon 
atoms, determine the character of the product. In this way either 
the direct or indirect influence of each atom will be exerted according 
to its position, and determine the course of the reaction,' that of 
the atoms in direct connection with the reacting group naturally 
predominating. 

Much the same conditions as those which determine addition 
should affect the removal of halogen acids by alkalis, and some of 
the experimental results will now be briefly referred to. 

In propylene bromide, for example, the effect of the positive 
methyl group will not only be distributed between the two other 
carbon atoms, but will be directed in a greater degree towards the 
retention of the bromine atom in the p position. It has been found 
that the proportion of CHj . CBr : CHg to CHj . CH : CHBr is two 
to one. As )3-bromopropionio acid is more readily formed from 
acrylic acid than the ot compound, the former loses hydrogen bromide 
more readily. Isobutylene jrields tertiary butyl bronude, and it is 
found that the latter, of all the isomers, is most readily converted 
into isobutylene. 

Similarly with the dihalogen compounds; the more readily 
bromine is added, the more easily is it, as a rule, removed. 
Generally Cfpeaking, the hydrogen of the least hydrogenated carbon 
is detached ; ^ but its removal depends upon the proximity of methyl 
groups, which by increaaing the positivity of the carbon diminishes 

1 Reboul, Afm, Chim, PAys., 1878, 14, 466. 

* J, prakL C%«m., 1892, 46, 886. 

' See van 't HofTs AmichUnj vol. i, p. 384, vol. ii, p. 862. 

* Siqrtzeff, A9ina(«n, 1876, 179, 280. 
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its affinity for hydrogen. (CH8)aCH . CHBr . CHa giyes mainly 
trimethylethylene (CHa)8.C:CH. CHs, and a little iaopropyl- 
ethylene (CHj)aCH . CH : CHa- 

The little that has been systematically investigated on the addition 
of hypochlorous acid, ammonia, and alcohol is referred to by 
MichaeL^ 

In the above examples we have considered mainly the nature of 
the addenda. We will now extend the inquiry into the effect on 
addition of introducing other groups into the ethenoid molecule in 
place of hydrogen. A considerable amount of work has been done 
on this subject i>y Elages, Bauer, and Nef. 

Addition of Kydrogen. Klages > has studied the reduction of 
two series of ethylene derivatives, in one of which a hydrogen atom 
is replaced by phenyl, and in the other by carboxyL Other hydrogen 
atoms are replaced by methyl, benzyl, and phenyl groups. The 
reduction appears to be inhibited where two methyl groups replace 
both the hydrogen atoms attached to the same carbon atom ; in 
other words, by augmenting the positive character of the carbon 
group affinity for hydrogen is diminished. Thus, dimethyl and 
ethyldimethyl styrene C^H^CH : qCHg),, 0«H5C(CgH5):C(CHa)2, 
)3-dimethylacrylic acid COOH . CH : C(CHs)89 and teraconic acid 
C0OH.G(CH,COOH):C(0H8)„ are either reduced with great 
difficulty or not at all. The same applies to terpinolene (vol. i, 
p. 488) and to methylheptenone (vol. i, p. 628), both of which 
contain the group C : 6(0113)2. 

Addi t ion of Bzomiae. Bauer* has examined the effect of 
Bubstituents on the additive power of ethenoid compounds for 
bromine. His results are formulated in the following statement : 
^ the tendency of a carbon double bond to add bromine is diminished 
if in the case of both carbon atoms reduplication of carboxyl, ester, 
phenyl groups, or bromine has taken place.' Here the accumu- 
lation of negative groups affects the addition of negative atoms. 
In the acrylic add series, the substitution of hydrogen by one or 
more methyl groups or one bromine atom attached to either carbon 
does not prevent addition ; but neither tribromacrylic nor dibromo- 
crotonic add combine. Further, dimethylfumaric acid (pyro- 
cinchonic acid), diethylfumaric acid (xeronic acid), dibromo- and 
methylbromo-fumaric add, acetylene tetracarboxylic and a-phenyl- 
dnnamic acid do not lend themselves to addition of bromine, 

1 J. prokU Qim.. 1899, 00, iSl, 4C8, 467. > £«r., 1904, 87, 924, 1721, 2801. 
< £^., 1904, 87, 8817. 



Digitized by 



Google 



54 THE NATUBE OP OEGANIC EEACTIONS 

whereas both maleic and fumaric, methylfumaric and bromomaleic 
acids combine. Here the multiplication of both positive and negative 
groups prevents addition, a fact which steric hindrance may possibly 
serve to explain. 

Sudborough and Thomas^ have shown that the unsaturation of 
Py unsaturated acids is much greater than that of tt)S acids, and the 
rapid addition of bromine in the former case serves as a method for 
distinguishing the two classes. The difference in the case of 
the olP acids is attributed to conjugation, which is explained on 
p. 69. 

The addition of halogens is also modified by light, and will be 
referred to in the section on photochemistry (p. 892). 

It is an interesting fact, that whereas cinnamic acid and crotonic 
acid do not unite with iodine, phenylpropiolic acid and tetrolic 
acid, CH3C 1 C • COOH, combine with two atoms of the element. 

Turning to the hydrocarbons, stilbene CeH^CH : CH . C^Hg and 
its monomethyl and monobromo derivative add bromine, but not the 
dibromo derivative. Where both phenyl groups are attached to the 
same carbon atoms as in diphenylethylene (CoH5)2C : CHj and its 
mono- and di-methyl derivatives, bromine addition takes place, 
but is prevented in (0t^6)^C : CCCtHslg, (CeH5)8C : CHBr, and 
(CeH0)2C : CBrCHg, that is, where two phenyl groups or bromine 
are attached to the second ethenoid carbon. The presence of chlorine 
and cyanogen produce the same effect as bromine.* A further £act 
of interest mentioned by Bauer is that phenylcinnamic nitrile adds 
bromine, forming a definite bromide, but a nitro group in the para 
position prevents the addition. The m-nitro compound, on the 
other hand, yields a definite additive compound, whilst the o-nitro 
compound occupies a middle position, bromine being partially 
decolorised without evolution of hydrogen bromide. 



N0,CeH4 



H^ N3N 



Nitrophenyloinnamio nitrile. 
The retarding effect of phenyl, carboxyl, and cyanogen follow in 
increasing order, CeH5<C00H<CN, which agrees with the aflSnity 
constants of the acids in which they occur : 

E 
Phenylacetic acid CgHj . CHj . COOH 000556 
Malonic acid COOH . CH^ . COOH 0-045 

Cyanacetic acid CN . CHg . COOH 0-87 

> TraM, Oiem, 80c,, 1910, 07, 715. * Baaer, J.prakt, Ckem,, 1905, 72, 201. 
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The results of these observations appear to fall in with Michael's 
neutralisation or positive-negatiye rule ; for the addition of positive 
hydrogen atoms is retarded by reduplication of positive radicals in 
the ethenoid molecule, and negative bromine atoms by the presence 
of negative radicals. On the other hand, Biltz ' has pointed out that, 
although tetraphenylethylene does not unite with bromine, the 
closely allied compounds tetraphenylene-ethylene and its oxide 
combine, though in the second case with difficulty. 

Tetraphenylene-ethylene. Tetraphenylene-ethylene oxide. 

Also, diphenyldichlorethylene, phenylmono-, di-, and tri-chlor- 
ethylene, as well as tetrachlorethylene in sunlight, form additive 
compounds in spite of the multiplication of negative groups. 

{C8H4)aC : CCla CflH^CH : CHCl C^BfiH : CCla CeHgCa : CCI2 

Biphenyldichlor- Phenylchlor- Phenyldichlor- Phenyltrichlor- 

ethylene. ethylene. ethylene. ethylene. 

But addition is inhibited in the case of diphenyldinitroethylene, 
CeH,C(NOJ:C(N02)C«H5. 

The evidence is very conflicting. Bauer* adopts Hinrichsen's 
view that negative groups in sufficient number and strength weaken 
the fourth valency of carbon, just as phosphorous pentachloride 
overloaded with negative atoms loses chlorine on heating, and passes 
to a state of lower and more stable valency. The valency of carbon, 
in the same way, when overloaded with negative atoms or groups, 
tends to shrink and become trivalent From this point of view there 
is nothing remarkable in the existence of triphenylmethyl (p. 4). 

Exactly similar views have been expressed by Michael' on the 
instability of carbon compounds when charged with either negative 
or positive atoms or groups. Methane is a stable neutral compound 
because the negative carbon is neutralised by the four positive 
hydrogen atoms ; but if hydrogen is replaced by an electropositive 
metal, as in the organo-metallic compounds, there is a surplus of 
positive polarity, and a consequent loss of stability. The combined 
loss of stability and active valency is, no doubt, a gradual one, and 
varies in difPerent compounds, so that the addition or removal of 
bromine is probably a reversible process, the balance of which may 
shift from one side, where no addition occurs under any circum- 

> Annalen, 1897, 296, 281, 268. * Annalm, 1904, 886, 228. 

* J. jnrakt. Chm., 1899, 60, 802. 
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BtanceSi to the other, where the ethylene compound is wholly 
converted into a definite and stable bromide. 

Additioxi of Vitrosyl Chloride. The union of nitrosyl chloride 
with unsaturated compounds was first studied by Tilden,^ who 
found that addition occurs in the case of limonene, pinene, tri- 
methyl-, tetramethyl-, and methylpropyl-ethylene, normal octylene, 
phenylethylene (cinnamene), and diphenylethylene, oleic and 
elaidic acids, anetholeand isosafirole ; but not with acenaphthylene, 
eugenol, safroloi u^-nitrocinnamene, crotonic, isocrotonic, fumaric, 
and maleic acids. There appears to be no relation between the 
additive power for nitrosyl chloride and that for bromine. 

Addition of Vitrogen Triozide. The property of forming 
additive compounds with NgOg is also found among the terpenes. 
The nature of the product may vary according to the environment, 
giving rise to nitroso-nitro compounds or nitro-ozimes.* 

~l I ~l II 

NOg NO NOg NOH 

Nitroso-nitro. Nitro-oxime. 

Addition of Vitrogen Tetrozide. Many of the terpenes and 
unsaturated ketones ' are known to form additive compounds with 
nitrogen tetroxide, forming nitrosates containing the group, 

— C — C— 

NOj ONO 

which, in the case of unsaturated ketones, readily loses HNO2, and 

passes into unsaturated nitro compounds. Schmidt^ has shown 

that with diphenylacetylene both cis and trans stereoisomers of 

dinitrodiphenylethylene are formed, 

CJSL^ . C ■= . CgHg 

I I 
NOa NO, 

and Biltz ^ has found that this property is shared by tetrachlor- and 
tetrabrom-ethylene. In the case of the tetraiodo compound, sub- 
stitution of the iodine occurs. 

Addition of Kydroxyl and Oione. A characteristic property of 
the ethenoid carbon atom is its power of taking up two hydrozyl 

^ Trans, Chem. 5oc., 1894, 1, 824. 

> Wieland, Annakn, 1908, 828, 154 ; 1908, 829, 225 ; 1906, 840, 68. 

> Wieland and Bloch, Annalm, 1905, 840, 168. 

* Ber.y 1901, 84, 639. » J3«-., 1902, 86, 1628. 



Digitized by 



Google 



. ADDITION OP HYDROXYL AND OZONE 57 

groups when oxidised by a dilute and neutral solution of perman- 
ganate, usually at the ordinary temperature. This reaction has 
been utilized in ascertaining the position of a double link as well as 
in effecting the deayage of the molecule by further oxidation at 
this point : >0 - C< + HgO + 0=>C(OH)-C(OH)<. Many examples 
of this reaction will be discussed in later chapters. Another property 
which appears to be shared by acetylene compounds is the union of 
ethenoid compounds with one molecule of ozone^ forming a class of 
compounds known as oeonides. 

>C:C<+03=>C C< or >C — C< 

0-0—0 O — 



The formation and properties of these compounds have been 
exhaustively studied by Harries and his co-workers.^ They are 
obtained by passing ozonised oxygen (containing about five per cent 
of ozone) into a solution of the unsaturated compound in an inert 
solvent along with a current of carbon dioxide, which diminishes 
the risk of explosion, some ozonidee being extremely explosive. They 
are thick colourless oils, syrups, or gelatinous masses, which liberate 
iodine from potassium iodide and bleach permanganate and indigo. 
They have a peculiarly unpleasant and suffocating smell, and some, 
such as the ozonidee of mesityl oxide and acrolein, are explosive, 
but not those of the unsaturated hydrocarbons, the simpler members 
of which are sufficiently stable to be distilled in vacuo. With water 
they decompose at the original double bond into aldehyde or ketone 
and hydrogen peroxide. 

CHa— Ov 

I \0 + HgO - 2HCH0 + H,Oa 

Ethylene ozonide. Formaldehyde. 

In other cases, where excess of ozone is used, the ozonide breaks up, 
and gives the peroxide of the one carbon group and the aldehyde 
or ketone of the other* 

>0 Ov GHjv /O 

W\ >0- >0<1+RCHO 

BOH— (K R/ X) 

The formation of ozonides may be used for determining the 
presence and, frequently, the position of a double bond, and the 



Aimalm, 1906, 848, 811. 
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process has been applied in the case of pulegone, pinene, and other 
compounds. 

The fact that benzene forms a triozonide may therefore be taken 
as evidence of the Eekul6 formula. This compound breaks up with 
water like other ozonides, giving three molecules of glyoxaL 



vO-0 



O ^^ 

J^^UG^U/^ OHO \CH0 

0< +8HjO -♦ I +8HaO, 

\0— HOLJCHv^ CHO X3H0 

\>— O 

Naphthalene^ however, only unites with two molecules of ozone, 
both of which are attached to the same nucleus, and consequently, 
according to Harries, the two nuclei are differently constituted. 

The action of ozone on aldehyde and ketone groups is to furnish 
one additional atom of oxygen, and form a peroxide, so that a 
substance like mesityl oxide, which contains a ketone group in 
addition to an ethylene linkage, unites with four atoms of oxygen, the 
product breaking up with water into acetone (or acetone peroxide), 
pyruvic aldehyde, and hydrogen peroxide : 

(CH3),C: CH. CO. CH3 + O3 + O = (CK.^G-GK.O. CH3 

H I 
Y I 

(CH3)j,C-CH . C . CH3 + 2H,0 « (CH3)aC0 + CHO . CO . CH3 + 2H,0a 


V " 

JQ 

or, + HjO - (CH3)C<fl + CHO . CO . CH3 + H jO, 

Antoziclatioii. The behaviour of unsaturated compounds towards 
ozone leads directly to the action upon them of free oxygen, and to 
the explanation of the phenomenon known as autoxidation, which 
was first studied by SchOnbein. The property which turpentine oil 
possesses when exposed to air of absorbing oxygen, which is thereby 
rendered active and capable of bleaching indigo, separating iodine 
from potassium iodide, oxidising arsenious to arsenic acid, &c., has 
long been known, and the induced activity has been variously 
ascribed to the formation of ozone, hydrogen peroxide^ and atomic 
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oxygen. A different interpretation of the process has been offered 
by Moritz Traube and Engler and Weissberg^ on the following 
grounds : turpentine oil will retain its oxidising properties for years in 
the dark in absence of air, a condition which would scarcely obtain if 
ozone or atomic oxygen were in contact with so oxidisable a substance 
as turpentine. The oxygen which turpentine absorbs is not dis- 
placed by passing inert gases through the liquid, indicating some 
form of combination* The actiyity cannot be due to dissolved 
hydrogen peroxide, since the latter cannot be removed by shaking 
with water, whereas from an artificially prepared mixture it is 
completely extracted. Moreover, oxidised turpentine oil, unlike 
hydrogen peroxide, separates iodine from potassium iodide in absence 
of an acid, and gives no blue colour with chromic acid solution and 
ether such as a trace of hydrogen peroxide will produce. On the other 
hand, the oxidised turpentine gives the yellow colour with titanic 
acid, characteristic of dl peroxides. The conclusion arrived at by 
the authors is that the oxygen attaches itself in the molecular form 
to the substance, yielding a peroxide which may undergo intra- 
molecular rearrangement into the ordinary atonuo form, or may 
give up a portion of its oxygen to an oxidisable substance in its 
vicinity. In this way many substances which are not directly 
oxidisable by free oxygen can be oxidised indirectly by the peroxide. 
The authors of the theory term the peroxide or moUmde the 
anUoxidaiory the substance indirectly oxidised the acceptor^ and 
formulate the process as follows : 

AO2 + B -♦ AO + BO 

Antoxidator. Acceptor. 

A behaviour precisely similar to that of turpentine has been 
observed in the case of other unsaturated hydrocarbons, amylene, tri- 
methylethylene, hexylene, fulvene and its derivatives (p. 848), &c., 
and may be represented as follows : 

— 0=0— + O2 = —0—0— 

0—0 

in which molecular oxygen adds itself to the ethenoid carbon atoms 
after the manner of ozone. 

The discovery by Baeyer and Yilliger* of the existence of a 
definite though highly unstable peroxide of benzaldehyde has 
afforded strong evidence in favour of the above view. The substance 

1 Forgdn^ dm- AiUoxydation. Vieweg, Brunswick, 1904. 
' Ber., 1900, 83, 868, 1669. 
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was obtained by the action of hydrogen peroxide on benzaldehyde 
as a colourless crystalline compound having an acid character and 
forming salts. According to Engler and Weissberg it is produced 
by addition of molecular oxygen followed by intramolecular change. 


CjHjCHtO -♦ C,HaOH/\o -♦ C,H5C.0.0H 

Benzoyl hydroperoxide. 
Benzoyl hydroperoxide has similar properties to oxidised turpentine, 
inasmuch as it is not only capable of oxidising a second substance 
such as indigo, but can react upon itself and, by parting with an 
atom of oxygen to a second molecule of benzaldehyde, yield two 
molecules of benzoic acid : 

CeHgCHO + CeHftCOaH = 2CaHftC00H 
A similar process has been obserred in the case of triethylphosphine, 
which, by absorption of oxygen, forms a peroxide, (Cfii)iTOg, 
capable of reacting on the unchanged substance, giving two 
molecules of monoxide : 

(C,H5)8PO, + (C,H,)3P - 2(CgH^8PO 
Many other examples of peroxide formation by absorption of free 
oxygen might be quoted, such as the conyersion of phenylhydroxyl- 
amine into azoxybenzene,^ and ^-methylhydrindone into benzyl- 
methylketone o-carboxylic acid," but sufficient has been stated to 
illustrate the parallelism which exists in the behaviour of free 
oxygen and ozone. 

But in addition to the secondary processes above described, 
namely, the interaction of the peroxide compound with a foreign 
oxidisable substance, and also with itself, other secondary changes 
may and often do occur, such as the polymerisation of the peroxide, 
observed in the case of acetone peroxide^ and the action of water on 
the peroxide, which may lead to the formation of hydrogen peroxide. 
The appearance of hydrogen peroxide when oxidised turpentine is 
left in contact with water has been explained in this way : 

yO Hv vO.OH 

More recently, peroxides have been used for oxidising the ethenoid 



* Kipping and Salway, Trans, Cktm, 8oe,, 1909, 95, 166. 
B Bamberger, £er., 1S94, 27, 1551. 
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group by ddivering up ftn atom of oxygen. Ethylene oxides can be 
prepared in this way by the use of benzoyl hydroperoxide. 

O 

>0 « C<+ CflH5C03H=>C~C< + CeHfiCOgH 
The application of other organic peracids to the oxidation of anhy- 
drides has also been studied.^ 

Beterogeneoiui Addition. We have so far considered the nature 
of addition where the constituents of the addendum are similar, as 
in bromine, or dissimilar, as in hydrogen iodide, and again where 
the ethenoid carbon atoms are linked to different groups. There 
is a third case where both the ethenoid carbons are attached to 
different radicals, and the addendum consists of heterogeneous con- 
stituents. Examples of this type are considered on p. 183, and need 
not be referred to at length. The most interesting cases are perhaps 
thosenreactions in which the alkyl and acyl halide react with the 
metallic compounds of acetoacetic ester and MichaeFs reaction 
(p. 184). Here the electrochemical characters again appear to 
determine the course of the additive process, the positive and 
negative groups on both sides distributing themselves in such a 
way as to produce, according to Michael, the maximum neutralisation 
of afi&nities. 

For example^ the negative iodine atom of the alkyl iodide attaches 
itself to the carbon which is rendered positive by methyl and the ONa 
group, and the positive alkyl group to the negative carbon made 
negative by the associated carboxyl group, that is to say, the 

ONa 

CH3 . C(ONa) : CH . CJOOCaH^ CH3 . C— OH . COOCaHs 

I CH3 " I CH3 

+ 
= CHj . CO . CH(CH3) . COOC2H, + Nal 

substitution is preceded by addition, an assumption which is by no 
means improbable. 

In Hichaers reaction similar conditions are supposed to prevaiL 
The union of cinnamic ester and sodium malonic ester probably 
takes place as follows : 

+ 
CeHg . CH : CH . COOCgHg CeH^ . CH . CHNa . COOC^H^ 

(CJIfiOC)fiE Na - (OjHftOOCOaCH 

^ 1 Anm. Chm. Joam., 1905, 83, 148. 
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An interesting question arises as to what would occur if in the 
first of these two reactions the metal were made less positive and 
the addendum more negative. What, in short, would happen if 
silver were substituted for sodium, and an acyl for an alkyl radical? 
The subject has been investigated by Michael.^ He finds that if 
the relations of the two unsaturated atoms are so changed that their 
affinity to methyl is diminished more than that of the metal-oxygen, 
the tendency of the reaction will be towards substitution rather than 
addition. Silver acetoacetic ester and methyl iodide still give methyl- 
acetoacetic ester, but lees readily and with decreased yield. If the 
negative chloroformic ester is substituted for methyl iodide, sub- 
stitution occurs and not addition, and the acidic group attaches 
itself to oxygen.* 

If, again, the ketone group is made more acidic, as, for example, 
in oxaloacetic ester, CsH^OOG. CO. CH,. COOG2H5, the alkali 
compound furnishes only a poor yield of C-alkyl derivative, but an 
excellent yield of the 0-aIkyl compoimd, especially if the less positive 
silver salt is used. 

The action on sodium acetoacetic ester of a strongly negative 
halide compound, such as acetyl chloride, is interesting, for its 
tendency to unite with oxygen is small in spite of the presence of 
the strongly electropositive alkali metal, and consequently diaceto- 
acetic ester is formed : 

CH3COCI + CHs . C(ONa) : CH . COOC2H5 
- (CH3 . CO),CH . COOC2H5 + NaCl 
It is not, however, clear from Michaers theory why the union 
between acetyl chloride and acetoacetic ester, in presence of so weak 
a base as pyridine^ should give rise to acetoxycrotonic ester, 
CH8.CO(CO.CH3):CH.COOC2H5 (voL i, p. 175), rather than 
its isomer. 

Nef ' has expressed much the same view, namely, that the metal 
is attached to oxygen, and that alkyl and acyl halides may react by 
addition. He has shown that by the action of acetyl chloride on 
the sodium compound both products, namely, a little O-acetyl along 

> J. pnkt CKem., 1899, 60, 816 ; see also Lander, Trans, Chem, Soe., 1900, 77, 
729. 

' This is in aooordanee with a more general law enunciated by Michael, 
whereby carbon, when attached to negative atoms or groups, shows less tendency 
to combine with itself (polymerise). Carbon monoxide can exist as a single 
molecule, but in union with metals polymerises, giving (COK)e(OO)0Ni, (GO)eFe. 
On the other hand, the non-existence of methylene and methyl is due to the 
opposite tendency of the presence of electropositive atoms to cause polymerisa- 
tion {J.prakt. Chem., 1899, 60, 295). 

« Annalen, 1891, 266, 52 ; 1898, 276, 285 ; 1894, 280, 814. 



Digitized by 



Google 



HETEROGENEOUS ADDITION 68 

with the C-acetyl derivative are formed. The main difference be- 
tween these observers is that Nef regards both the free acetoacetic ester 
as well as its sodium derivative as possessing the hydroxyl formula, 
a view which has since been disproved. Moreover, he assumed that 
the halogen united with the a-hydrogen of the ester rather than 
with the sodium atom. He bases the latter view on the observation 
that benzyl chloride, and also acetyl and benzoyl chloride acting 
on the sodium compound, give both mono and dialkyl and acyl 
derivatives, which he expresses as follows : 

CHa.CONaiCH.COOCaHg - CH3.qONa):0(07H7).COOCjH5 + H01 

61 CyH^ 
CH8.CONa:0(C7H7).COOOaH5 - CH8.00.0(C7H7)a.OOOCA + NaQ 

It seems improbable that if sodium chloride were eliminated at the 
first stage the product, which contains a benzyl group and is there- 
fore more positive^ should decompose the sodium chloride and yield 
a sodium compound capable of reacting with a second molecule of 
benzyl chloride. He concludes that the direct exchange of metal 
is not possible.^ 

There are, however, other explanations of the above processes not 
involving addition. The change of O-compound to C-compound 
might occur after substitution under certain conditions, although 
ethoxycrotonic and ethoxyfumaric ester are comparatively stable 

CjHftO • C . OHg CgHgO . OH 



Ar-— L 



COOOaHg OH.COOCaHj 

Ethozyorotonie ester. Ethozyfiunario ester. 

substances, and it is not probable that in these two cases such a 
shifting of the alkyl group is likely to occur. The acyl derivatives of 
acetoacetic ester, on the other hand, are known to undergo isomeric 
change of this character (see vol. 1, p. 211). 

Dismissing the theory of iEM>meric change after replacement as 
improbable, there is another view which has been advanced by 
W. Wislicenus.' Direct substitution of metal by radical occurs 
under constraint, and is usually effected by means of an insoluble 
compound (sUver salt) in a non-dissociating medium (ether, benzene, 
&C.). Replacement by a metal (alkali) in a dissociating solvent and 
at a higher temperature brings about a * free reaction ', and with it 



^ Annalm, 1891, 266, 116* 

s <Tautomerie', Ahrens' Vwrkdne, 1808, 2, 249. 
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indirect substitution. This latter effect is supposed to depend upon 
the reversible nature of the free bond of the organic residue on 
removal of the metal, which may be expressed in the case of 
acetoacetic ester as follows : 

CH3.c6:OH.OOOC,H, Ij OHa . 00 . CH • OOOOjHj 

and it will thus enable the G-derivative to be formed. The first, or 
constrained process, produces an 0-derivative ; the second, or free 
reaction, a G-derivative. 

But if the formation of an 0-derivative in acetoacetic ester depends 
on a constrained reaction, it is difficult to account for the fact, dis- 
covered by Lander,^ that 90 per cent, of G-ether is formed by the 
action of ethyl iodide in presence of silver oxide (which gives much 
the same result as the silver compound). 

Perhaps the most satisfactory explanation, as suiting the most 
varied conditions, has been supplied by Lapworth (voL i, p. 206), in 
which there is an equilibrium established between the dissociated 
ions of the two metallic derivatives, or, in other words, an equilibrium 
mixture of both metallic compounds is present : 

GHa.GiiGH.GOOG^Hj + Me ^ GHj . GO . (isH . GOOCaH, + Me 

Me a xnetaL 
which may shift from one side to the other according to the 
conditions of the reaction or nature of the reagent or both. 

Primarily, no doubt, electrochemical influences prevail, and 
determine combinations such as occur in the use of zinc alkyls 
and the Orignard reagents. Michael would probably interpret these 
reactions by supposing the electropositive metal to link itself to 
oxygen in a ketone, or to nitrogen in a cyanide, and by neutralising 
the electronegative effect of oxygen or nitrogen render the adjoining 
carbon more disposed to polymerise (attach itself to carbon), and 
thus attract an alkyl group. 

)MgBr 
>C-0 + Mg^ ' 



<->C' 



This example introduces a fourth type of addition in which the 
atoms constituting both unsaturated molecule and molecule of 
addendum are dissimilar. 
Examples of this type are very common, and may be briefly 



^ Tram. Chem. 5oc, 1008, 83, 420. 



Digitized by 



Google 



ADDITION PE0DU0T8 OP KETONES 66 

enumerated. The Addition products of tAdehydet and hetones, : 0, 
also of ^ialdd^tfde8 and Stiokdones, (C : S), are as foUows : 
Beagent HON NH3 NaHSO, CgHsOH HPO, 

<0H yOH yOH X)H Xm 

>C3<: >0< >C< >C< J) 

ON \NHj \SO3Na ^OCjHj \OP^(OH), 

This additive power of the CO group falls away in something like the 

following order, depending upon the nature of the attached groups : * 

CO CO CO CO CO 

CH3 C:C EO HjN HO 

Similar observations have been made by Goldschmidt* on the 
addition of ammonia to ketonic esters. 
In compounds of the general formula, 
B.C:0 
I 
CHj * C'OOC2£l5 

the stability of the additive product decreases with increasing 

positivity of B in the following order : 

G0H5, COOOgHs, GH3. 

Fetrenko-Eritschenko ' and Stewart ^ have shown that with increasing 

negativity of the neighbouring groups the reactive power of CO for 

sodium bisulphite increases ; with positive groups it decreases. 

The following percentages were obtained in thirty minutes with the 

same strength of solution of sodium bisulphite :^ 

Acetone . .47 

Methyl ethyl ketone . . 261 
Methyl isopropyl ketone . 7*6 

Among other unsaturated organic compounds which are capable 
of forming additive compounds under conditions^ which have not 
been submitted to very careful or systematic examination, are the 
oximes >G:NOH, the methyleneimides — -N:CH2, the azoimides 

-N 
— K^ II , the azo-compounds — N=N — , &c. 
^N 

The next class of unsaturated compounds to which attention 
will be directed is that in which more than one double bond is 
present. This class may be subdivided into two groups : one in 
which the unsaturated atoms are similar and adjoin one another, 

' Yorlftnder, Atmalm, 1908, 841, 9. > ser., 1896, 29, 105. 

* Annalen, 1906, 841, 160. « Trans. Oum. 5oc, 1906, 87, 186. 

' As the numbers refer to the quantity formed in a given time and not to the 
reaction velocity, they are not strictly comparable. 



Pinacoline ... .6*6 
Acetoacetic ester . . . 66*0 
Acetone dicarbozylic ester . 61*0 



F 
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and haye consequently a carbon atom in common, as in allene 
CH, : C : CHs, and carbon suboxide CO : C : CO, or in which the 
unsaturated atoms are different, as in ketone and its deriyatiyes, 
CH2 : C : O ; and one in which the unsaturated atoms are separated 
by one or more carbon atoms. 

Members of the allene series are yery few in number, and haye 
been little studied. They are obtained by the action of metals on 
the dibromo-olefines and remoyal of bromine as metallic bromide. 

CH,:CBr.CHaBr -► CHs:C:CH, 

Dibromopropylene. Allene. 

In presence of sulphuric acid they take up the elements of water 
and form ketones, and further undergo isomeric change, on heating 
with sodium, into the corresponding acetylide, 

CHjiCiCHa -* CHg.C.'CH 

The ZetMiat, Carbon Suboxide (C3O2). The class of compounds 
known as ketenes haye the general formula Hfi : CO. They not 
only serye to illustrate the yarious types of reactions characteristic 
of unsaturated compounds, but afford an insight into the increased 
reactiyity produced by the adjoining double bond on the ketone 
group. The parent substance, GH, : CO, was obtained by Wilsmore ^ 
by heating acetic anhydride, acetic ester, or acetone by means of 
a glowing platinum wire, and by Schmidlin * by passing the yapour 
of acetone through a red-hot tube. 

CH3 . CO . CH3 - CHa :C0 + CH4 

Staudinger' obtained yarious ketone deriyatiyes, such as methyl- 
ketene CHs.CH:CO, dimethylketene (CH3)aC:C0, phenylketene 
CeH^CH : CO, and diphenylketene {O^K^^^ • CO, by acting upon the 
halogen acid chloride or bromide with zinc. 

CBga. COCl + Zn = CRa : CO + ZnClj 

Carbon suboxide C3O2, which may be included in the same group 
of unsaturated ketones, was obtained by Diels and Wolf ^ by distilling 
ffi iXicuo a mixture of malonic acid or its ester with phosphorus 
pentoxide, 

CHa(COOH)a - CO :C:CO + 2HaO 

or by acting on dibromomalonyl chloride with zinc filings. Both 
ketone and carbon suboxide are colourless and poisonous gases, with 
an unpleasant and penetrating smell. Ketone can be liquefied at 
—66^ carbon suboxide at 7^. Staudinger diyides the other ketenes 
into aldoketenes of the formula RCH : CO and ketoketenes R^C : CO. 

1 2Van«. Oum. Soe., 1007, 01, 1988. * B$r., 1910, 48, 8821. 

* I>i§ K9ten$, by H. Staudinger. Enke, Stuttgart, 1912. 
« Bar., 1908, 80, 689. 
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The former are colourless, the latter yellow or orange gases or 
liquids. They are all extremely reactive, uniting not only with the 
usual addenda characteristic of ethenoid compounds, such as the 
halogen acids and halogens^ forming acid chlorides and halogen acid 
chlorides, but also with water, alcohols, mercaptans, primary and 
secondary amines and acid& In none of these reactions, however, 
do they resemble true ketones, but rather compounds of the carbimide 
typeCOrNR 

With water, ketone and carbon suboxide form respectively acetic 
and malonic acid, 

OHa :C0+ H,0 = CHj. OOOH 

CO : C : CO + 2HaO « CH^CCOOH), 

With alcohol, they jrield acetic and malonic ester, 

CHg : CO + GJSLfiR - CH3 . COOCaH^ 

CO : C : CO + 2C^ILfiB, - CHa(COOC2H5)2 

With aniline or ammonia, the ketones yield anilides or amides, 

CHj : CO + NHgCejHg = CH3 . CONHCeH^ 

(C.H,)a : CO + NH3 - (C.H5)2CH . CONHg 

With acids, anhydrides are formed, 

(C5H5)aC : CO + CeH^COOH - {C^n,)^GK . CO . O . C0CflH5 • 

yCOO.COCHa 



00:C:CO + 2CH3COOH = 0H2<f 



COCHg 
-CH2< >0 + (CH3CO)aO 



<I" 



A second type of reaction is presented by the union of two or more 
molecules of ketone ; in other words, by polymerisation. Whilst the 
ketoketenes are more disposed to form additive compounds, the 
aldoketenes are characterised by their remarkable tendency to 
polymerise. In the latter case polymerisation takes place so rapidly, 
even in dilute solutions, that the aldoketenes cannot be prepared in 
a pure state. The ketoketenes polymerise more slowly, dimethyl- 
ketene requiring from one to two hours at the ordinary temperature, 
whilst diphenylketene will remain unchanged for months. Spon- 
taneous polymerisation, that is, at the ordinary temperature and 
without the use of reagents, leads to cyclobutane derivatives : 

R,C— CO 
2B3C:C0 -i» I I 

OC— CBj 

A third type of reaction is illustrated by the formation of an 
additive compound followed by cleavage into two new molecules. 

V 2 
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This is best shown by the behaviour of oxygen, with which more 
especially the ketoketenes unite. By passing oxygen into dimethyl- 
or diethyl-ketene at -20^ white amorphous compounds separate 
which in the dry state explode violently ; but suspended in ether 
they break up into carbon dioxide and the ketone 

R,C:CO R,C— CO RjC-UjO RjCO 

0—0 "*^ "*^ O-l-O '^ COg 



The reason for introducing a second intermediate dioxide stage 
between ketone and ketone is the existence of ketone oxides of the 
formula, 

RjC— CO 



Y 



which in the case of phenylmethylketene and diphenylketene appear 
in considerable quantity along with the dioxide. 

Finally, there is a fourth type of reaction illustrated by the union 
of the ketone with a second unsaturated molecule, containing one of 
the following groups : 

C:C, C:0, C:N, C:S, N:0, N:N. 
A four-atom ring is first produced, which more or less easily breaks 
down into two new molecules. 
With ketones, for example, the following reaction takes place : 

I 
R,C:CO RoC-l-CO- RoC 

= I I I -^ II +COa 
R,C:0 RaC-fO RjC 

The addition may occur in two ways, and it has actually been 
observed in the case of the compounds with the carbimides thus : 

RjCrCO RaC:CO 

+ + 

RaCiNR RN:CRa 

i i 

RaC— CO RaC-CO 

R,0— NR RN— CRa 

YHiere union with nitroso compounds occurs, such as diphenyl- 
ketene with nitrosobenzene, combination and cleavage follow two 
directions: 
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(C,H,),C-(X) (C,H,),C CX) 

11 -♦ II + II 

O-NCeHs O NCeH, 

(C,Hj),C-CO (C«H,),C CO 

C,H,N-6 "^ C,H,N * O 

Thus eveiy type of reaction ia represented, and it should be 
observed that in addition to the foregoing, additive compounds 
are formed with pyridine and quinoline, acid chlorides, hydrogen 
cyanide, and the Orignard reagent, yet in no case is the behaviour 
that of a true ketone. This difference in character may be ascribed 
to the presence of two adjoining double bonds, which not only 
enhance the reactivity of the molecule, but fundamentally alter the 
ketonic character of the substance. 



:cH3), 



5(0H,), 

Dimethylketene-pyridine. 

Coi^iigated BouUa Bonds. This term has been applied to those 
unsaturated compounds in which the unsaturated groups have no 
single carbon atom in common, but the pairs of double bonds are 
separated as in isoprene or butadiene, acrolein or glyozal. 

CHa:0(0H3).CH:CHa CHg : CH . CH : CH, CHa:OH.CH:0 

Isoprene. Butadiene. Acrolein. 

0:CH.CH:0 

GlyozaL 

Under certain conditions of atomic environment such a grouping of 
double bonds exhibits abnormal chemical behayiour and abnormal 
physical properties. For example, muconic acid on reduction or 
bromination does not unite with four atoms of each element, as the 
existence of two pairs of double bonds might lead one to expect, but 
only two atoms are absorbed, and attach themselves to the a carbon 
atoms at either end of the chain, a process which is accompanied by 
a shifting of the double bond to the middle position.^ 

> AnntOM, 1888, 216, 171 ; 1885, 227, 46 ; 1889, 251, 257 ; 1890, 256, 1. 
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HOOC.CH:CH,CH:CH.COOH 

Maoonie aoid. 

H, Br, 

^ \ 

HOOC.CH,.GH:CH.0H,.GO0H HOOG . GHBr . CH : GH . GHBr . COOH 
Hydromuoonie aoid. Muconio aeid dibromide. 

SimQarly, diphenylbutadiene unites with nitrogen tetrozide to form 
a 1 . 4 dinitro compound.^ 

CaHjCH : CH . CH : CH . CeH, + N A 

« CaHjCHCNOJ . CH : CH . CH(N0a)CeH5. 
That the positive hydrogen atoms should seek the most negative 
carbon atoms is not surprising, and these are situated at the end of 
the chain ; but that the negative bromine atoms and nitro groups 
should act similarly introduces a difficulty for which an electro- 
chemical explanation seems insufficient. Moreover, there is no 
apparent reason why, supposing the first two atoms to enter the end 
positions in the chain, reduction or bromination should stop, as 
it does. 

Thiela's Theorj. To account for this and similar phenomena 
J. Thiele' has introduced his theory of partial valencies^ to which 
a brief reference has already been made in vol. i (p. 452), and which 
will now be more fully discussed. 

According to Thiele the valency of unsaturated atoms, which are 
usually denoted by double or treble linkages, is not wholly utilized, 
but some force of affinity remains as a residual or partial valency, by 
virtue of which the process of addition is initiated. These partial 
valencies are indicated by dotted lines. 

C=C C=0 C=N N=N 

: I i J i : i i 

Ethylene, for example, attaches bromine in the first instance by 

its partial valencies, which change to a full valency simultaneously 

with the appearance of a single linkage in place of the double bond. 

HaC •• H-C" Br HoCBr 

II +Br, -^ II -. I 

HjC HaC -Br HjCBr 

The electrochemical nature of the elements determines the process 
of addition ; for example, N=N has no affinity for chlorine and no 
addition of this element occurs ; hydrogen unites with oxygen rather 
than with carbon, the acid radical with carbon rather than with 
hydrogen, and so forth. 

^ Straus, B^., 1909, 43, 2866. > Annahn, 1899, 806, 87. 
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The ezifltenoe of residual affinity in unsaturated atoms agrees with 
Thomson's * calculation of the thermal value of an ethylene bond, 
which he finds less than that of two single linkagea 

Passing to the case of two adjoining pairs of double linkages 
referred to at the beginning of this section, Thiele supposes the central 
pair of partial valencies to neutralize one another and lose their activity 
like the opposite poles of two magnets when made to touch. The 
union is indicated by a curved line and is termed conjugated, and the 
whole arrangement a conjugated doMe bond. In this way the partial 
valencies of only the end atoms remain active and capable of 
attaching new atoms, whilst the conjugated atoms are inactive. 

0=C-C!=C -^ C=C— C=C 

Compounds with conjugated double bonds are therefore more 
saturated and, as we shall presently see (p. 823), have a smaller heat 
of combustion. The same thing is supposed to occur in unsaturated 
ketones and in diketones and acid& 

0=rC--C=C 0=C— 0=0 

i ^ I 1^1 

As soon as addition has taken place the conjugated bond changes 
into a normal double bond, and in this way reduction or bromination 
of the end carbon atoms is efFected. 

The following are a few examples. Phenylcinnamylacrylic acid 
gives on reduction and bromination the 1 . 4 dihydro and dibromo 
add respectively.* 

CcH^OH, . GH : OH . CHCGoH^) . COOH 

CeH^CH : OH . CH : C{C JBin) . OOOH^ 

C5H5 . CHBr . OH : OH . CBx{CJB,^) . OOOH 

The 01)3 unsaturated acids with the conjugated grouping 
R0H=0H.0=O 

in 

do not unite with bromine as readily or as rapidly as the /3y acids 
BOH=OH . OH, . 0=0 

I , which are unconjugated and therefore less 
OH 
saturated. The rate of hydration of saturated and unsaturated an* 
hydrides shows great difiEerences, which are ascribed to conjugation. 

^ ZeU. phyHk. Chm., 1887, 1, 860. * AnndUn, 1899, 306, 201. 
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ICaleic aci4, which oontains conjugated double bonds, undeigoes 
hydration ten times as quickly as suoeinic anhydride.* 



CH^^c/" CH,-0^ 



CH- 



According to Thiele's theory benzil should gire on reduction 
diphenylethylene glycol, whereas benzoin is actually formed. 
HjC, C,Hj ^^^^ HjCe CjHj y^^^ H,C, O.H5 

0=6—0=0 8*^« HO.O=A.OH fi^^* 0=0— OHOH 

i ^-^ 1 

Benzil. Diphenylethylene glyooL Benzoin. 

How is thiB to be explained ? Thiele attributes the final stage to 
isomeric change of the very labile intermediate product Supposing, 
however, reduction to be e£Fected in presence of acetic anhydride 
and sulphuric acid, the acetyl derivative of the intermediate glycol 
should be formed and isomeric change arrested. This is precisely 
what happens. Two stereoisomeric diacetates of diphenylethylene 
glycol are formed. 

HjCe C5H5 

CH3CO . 0C=<30 • COCH3 
Similarly, benzylidene acetone should give hydrocinnamyl methyl 
ketone in place of the unstable alcohol. 

CHa CHs 

CaHfi.CH=0~C=0 -> OeHj . CHg . CH=0-OH -► 

CeHjOHj . CHa . CO . CHj 
But Harries finds that the reaction proceeds otherwise^ and that 
two molecules of benzylidene acetone join up to form a saturated 
double ketone. 

CeH^ G0H5 O^Hq 



A 



IH". CH— CH 

II -» I I 

CH CH, CHj 

CHj.OO" CH3.CO CO.CH, 



The reaction is explained by supposing that the electronegative 
oxygen first unites with hydrogen, and the alcohol thus formed 

I RiTett and Sidgwiok, Tnmi., 1»10, 97, 1677. 
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isomerises to the ketone form. This leaves the partial yalencies of 
the carbon free to unite with hydrogen or with a second molecule^ 
and it is the latter process which occurs. 

The reduction of muconic acid is also readily explained. As it 
contains three conjugated linkages only the end oxygen atoms 

/OH 
possess partial yalencies and the end groups G^ isomerise to 

carboxyl by passing on an atom of hydrogen to the « carbon. 
OH OH 

0=0— CH=CH— CH=CH— 0=0 

Maoonic acid. 

HOv yOH 

>0— CH=CH— CH=OH-C< 
HO^ >w^ >w^ >w^ \0H 

Intermediate form. 

OH OH 

0=0— OH,— CH=CH— CHa . 0=0 

Hydromuoonic acid. 

The theory explains, moreover, in a simple fashion why fumaric 
acid is more easily reduced than crotonic acid, since electropositive 
oxygen attaches hydrogen more readily than carbon. 

OH OH CH3 OH 

0=0-CH=OH— 0=0 CH=OH— 0=0 

Famaric acid. Orotonio acid. 

This may also explain why the halogen enters the /} position, where 
halogen acid combines with an unsaturated acid. In acrylic acid, 
for example, the hydrogen attaches itself to oxygen and the bromine 
to carbon. 

OH 

CH,=CH— 0=0 -► OHa— CH=0/ -► OH2Br.CH2.OO.OH 

Acrylic acid. fir ^-Bromopropionic acid. 

In the same way, when addition of water or ammonia takes place, 
OH and NH^ unite with the fi carbon and hydrogen to the a carbon. 
It is not therefore due to the negative addendum being repelled by 
the negative carboxyl group, as frequently assumed Ammonia com- 
bines with phorone thus : 
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\3:CH-0O.CH:C< '-► %>- CH,-CO.CH:C< 
OH,/ NCHj OH,/ I X!H, 

Phorone. NHg 

Thiele's theory also expIaiiiB the addition of magnesium aeyl or 
alkyl bromide to unsaturated ketones and esters ; but the position 
taken by the radical is here found to depend on the nature of the 
radical already associated with the ketone or ester group. In the 
case of einnamic ester, a phenyl or cyanogen group attached to the 
« carbon will cause the acyl group to attach itself to the fi carbon, in 
the case of a methyl group to the a carbon.^ 

CroMad Double Boacbi. An example of what are termed crossed 
double bonds occurs in dibenzalpropionic acid. 
12 8 4 

CeH5CH=6-€H=6H . CeHj 

0=0 

j>H 
Here it will be observed that a conjugated syBtem may be formed 
between the different pairs of carbon atoms. 

C,HjCH=d^^==<!!H . C,H8 
0=0 •• 



^i 



)H 

Such an arrangement presents two alternative ways in which addition 
may occur, the nature of the product depending on that of the 
addendum. In the case of bromine it is scarcely surprising to find 
that it attaches itself to carbon atoms 1, 4. Hydrogen and halogen 
acid, on the other hand, distribute themselves between oxygen and 
the nearest carbon atom. With hydrogen the following compound 
is formed : 

CeHj. OH,. OH .OH=CH. O.H5 

OOOH 
It should, however, be pointed out that in addition to the 1 . 4 
dibromo-additive compound, a second, 8 . 4, compound is also 
produced. How is the latter accounted for ? Thiele lays emphasis 

1 Kohler, Am»r. Chm. Joum., 1905, 86,629 ; 1906, 87» 869; 1907, 88, 611. 
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on the fact that the partial yalency of the central carbon, 2, by 
being distributed between its two neighbours, does not neutralise 
their activity, and some is available for additive purposes. Hence 
the dibromo derivative appears : 

CeHfi • CH : C . OHBr . CHBr . CeHj 

OOOH 
Borsche* has recently shown that the union of ethyl acetoacetate 
with certain ketones containing a system of crossed double linkages 


11 depends on the length of the chain. If the chain is 
0:0.0.0 

sufficiently long the ends may approach one another so closely that 
a part of the residual affinity is saturated, and will not unite with 
the ester. This is the case with dicinnamylidene acetone, but not 
with distyryl ketone. 

OqHkOH OHO^Hg 

BioiSn 

^J HC 

01 

Sufficient has been said to indicate the general nature of the 
theory, and the resources available for meeting apparent anomalies. 
Before discussing the exceptions to the theory, it may be well to 
consider its application to the aromatic series of compounds. Its 
application to the benzene formula has already been discussed 
(vol. i, p. 467), and little more need be said on the subject In 
reference to it Thiele says : ' as by the neutralisation of the partial 
valencies the original three double bonds vanish, no distinction can 
be drawn between them and the secondary (conjugated) double 
bonda Benzene contains six inactive double bonds. Thus, the 
difficulty presented by the two ortho positions, 1 . 2 and 1 . 6, which 
Eekuld attempted to meet by the aid of his dynamic hypothesis^ 
disappears. Benzene may be, therefore, represented by the formula, 

H 






H 

1 AnnaUn, 1910, 875, 145. 
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if it is desired to attach weight to its saturated character and to the 
equality of the ortho positions.' 

Thiele has applied the theory in a variety of ways to explain 
certain characteristics of benzene derivatives. Phenol, for example, 
is distinguished by its high reactivity, which it loses to some extent 
in its ethers and ester& Assuming that it may react in its isomeric 
form of ketone, the partial valencies will at once come into play. 

0". 




The reduction of the aromatic acids has already been referred to 
(vol. i, p. 458), and may be considered from the same point of view 
as that of muconic acid (p. 70). On the reduction of terephthalic 
and phthalic acids, the hydrogen attaches itself to the a carbon 
atoms. 

OH 

I 
fO=0 



)l 




OH 



Bedaotion of Phthalio add. 



HO-C=0- 

J) 



I) 
HO— 0=O 



HO-C-OH 



HO-0— OH 

Bedaction of Terephthalio acid. 



H COOH 




COOH 



The quinones furnish an interesting cas^ because addition may 
occur in different positions, and the differences observed may be 
ascribed to the nature of the entrant atoms and groups. 
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77 




)<C 



y-Qoinone. o-Qoinone. 

Hydrogen attaches itself to oxygen, and quinol and catechol result 
OH 



^-OH 



That reduction is arrested at this stage naturally follows. Halogens, 
on the other hand, will seek the carbon atoms^ and di- and tetra- 
chloroquinones will be formed. Halogen acid will distribute itself 
between the oxygen and the nuclear carbon, and, according to Thiele, 
will pursue the following course : 

(>••• OH OH 



H -> 






The quinonimines will act in a similar fcushion. Quinonediimine 
on reduction should produce J^phenylenediamine, whilst sulphurous 
acid should react like hydrogen chloride, the acid group remaining 
attached to the nucleus, and the hydrogen passing to the imino 
group. 

NH, NH NH, NH, 





SOH 




O3H 



KH NH NHa 

Heisenheimer ^ has utilized the idea of partial valencies in order to 
> jLtmakn, IWi, 888, 219, 241. 
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explain certain reactions of nitro compounds, such, for example, as 
the formation of alkali salts of trinitrobenzene and trinitrotoluene in 
alcoholic solution, and their combinations with potassium cyanide. 
H OCHs H CN 




OaNfS|NO, 




In naphthalene the distribution of partial valencies and their 
conjugation wfll appear as follows : 





The partial valencies of the two central carbon atoms will not 
suffice to neutralise those in the <x positions, and consequently they 
are the most easily attacked ; for it is well known that substitution 
takes place in these positiona Supposing that on reduction hydrogen 
enters positions 1 . 4, what will be the e£Fect ? The ^io^ partial 
valencies of the two central carbon atoms will be withdrawn from 
this pair, and consequently those directed towards 5.8 will he full 
partial valencies, or, in other words, the unreduced ring will be trans- 
formed into a true benzene ring, whilst the other ring can take up 
two further hydrogen atoms, as Bamberger has found (vol. i, p. 558). 

ig Ha 

Anthracene in the same way may be represented by the formula : 





) 
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Thiele claims for this fonnuls the advantage that it explains the 
well-known reactivity of the para-carbon atoms of the central 
nucleus, a view which has been developed by Meisenheimer ^ in 
relation to the nitro^erivatives.' 
Phenanthrene has the formula^ 




which explains the peculiar reactivity of the HG=CH group. 

The effect of conjugation is not manifested only by chemical 
behaviour, but is seen in the enhanced optical activity, magnetic 
rotation, and refractivity described in Chapter lY, p. 261. 

Like most chemical theories, that of Thiele has become an 
attractive target for the shafis of criticism. It has been attacked by 
Michael, Hinrichsen, Erlenmeyer, and others on the ground that it 
is not only unnecessary, but that the numerous exceptions which 
have been observed render it untenable. Michael ' accuses its author 
of adopting or discarding, as may suit his purpose, the positive- 
negative rule (see p. 61). He points out that Thiele assumes that 
in certain cases the atoms or groups of the addendum distribute 
themselves according to their electrochemical character, but that the 
addition of halogen acids and ammonia to unsaturated acids is based 
on an entirely different conception. Again, in dibenzalpropionic 
acid (p. 74), the two carbon atoms with the strongest partial 
valencies are 1 . 4, and consequently the 1 . 4 dibromo acid should 
of the two be formed in larger quantity, whereas the 1 . 2 dibromo 
compound predominates. These and other additive processes find, 
according to Michael, a readier explanation by the aid of the positive- 
negative rule. Hinrichsen,* like Michael, assails the theory on the 
ground that it attaches too little weight to the electrochemical 
nature of the additive process; 'the constitution of a substance 
produced by the addition of atoms and radicab to unsaturated 
compounds is determined in the first place by the qualitative 
relationship existing between the addendum on the one hand and 
the atoms or atomic groups present in the unsaturated molecule on 
the other.' Among the many exceptions to Thiele's theory the 
following may be cited : 

1 AnfiaUn, 1902, 8S8, 204. 

* It should be pointed out that, though there may be more free yalenoy at 
the disposal of the two central carbon atoms, the para-carbon atoms in the two side 
rings are in a condition precisely similar to those m the a positions in naphthalene. 

> J. prakL Omn,, 1899, 00, 467. « Amudmi, 1904, 886, 174. 
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Hichaers reaction (p. 184) and the addition of sodium malonic 
eater to cinnamylacrylio ester,^ 

CeHfiCHiCH.CH-.OH.COOCjHft CeHgCHiCH.CH.CHNa.COOCjHj 

+ NaCH(C000jH5), " OHCCOOCgHg), 

the addition of bromine to cinnamic add, which follows the normal 
course, the reduction of cinnamylformio acid to phenyl-a-hydrozy- 
isocrotonio acid,' 
CeHfiCH:CH.0O.COOH -♦ CeH^CH : CH . CH(OH) . COOH, 
the addition of hydrogen cyanide and magnesium methyl iodide to 
the CO group of cinnamic aldehyde,' 

yOH yOMgl 

CflH5CH:CH.CH<f CflH^.CHzCH.CHC 

the addition of bromine to diphenylbutadiene* and to cinnamylidene- 
malonic ester, both of which yield 1 . 2 dibromides, 

CeHgCHBr . CHBr . CH : CH . CeHa, 
CeH^OHBr . CHBr . CH : CCCOOCgHfi)^, 

and the reduction of dibenzalpropionic add, which also gives a 1 . 2 
dihydro deriyatiye, 

CeHftCH : CH • CHCCO^H) . CHj . CeH^. 

Apparent exceptions in the case of 1 • 2 additive compounds of 
unsaturated ketones and esters with ammonia,' hydroxylamine,* 
hydrogen cyanide,^ and sulphurous acid' may be explained on 
Thiele's theory by including the CO of the carboxyl group in the 
conjugated series, and assuming isomeric changes to follow thus : 

>C=0-C=0 + NH20H -^ >C— C=C~0 -^ >C— CH-C=0 

III 
NHOH H NHOH 



1 i .L._ 1 J, 



>C=C-C=0 + HON >0_C=0— -♦ >C— CH— C«0 &c. 

An i " 



^" J- An 



1 Yorl&nder, Bm., 1908, 86, 2889. 

> Erlenmeyer, Jan., Ber,, 1908, 86, 2529 ; 1904, 87, 1818. 

s Kohler, Am. Ch$m. J., 1904, 81, 642 ; 1905, 88, 158, 888 ; 1907, 86, 529. 

« StrauB, Ber,, 1909, 42, 2866 ; Riiber, Ber., 1911, 44, 2974. 

* Koehl and Dinter, Ber., 1908, 36, 172. 

* Harries, Bar,, 1897, 80, 280 ; 1904, 87, 262. Poaner, Ber., 1908, 86, 4805 ; 
1907, 40, 218, 227 ; 1909, 42, 2785. Biedel and Sohulz, Annalw, 1909, 867, 14. 

^ Lapworth, Trana. Oum, Soc., 1908, 88, 995 ; 1904, 80, 1214. Knoeyenagel, 
Ber., 1904, 87, 4066. 

* Tiemann, Bar., 1898, 31, 8297 ; Knoerenagel, Ber., 1904, 87, 4088. 
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Thiele and Meisenheimer,* who obtained the hydrogen eyanide 
eomponnd of cinnamylidene malonio ester, 



C,HjC5H : CH . CH . C(C0O0 A)s 

CN 



L-i 



admitted that it constituted an exception to the theory, and, if this 
is so, others may be included in the same category. 

Hinrichsen ' has formulated the additive process on the basis of 
Michael's positive-negatiye rule in the following series of simple 
propositions : 

Addition is determined by the electrochemical nature of the 
unsaturated groups as well as by that of the constituents of the 
addendum. If the latter are of opposite polar character, as H . Br, 
H.ON, K.HSO3, H.NHa, Na . HqCOOCaHfi),, Na.OCaHj, 
CeHftCHsS . H, H . NHOH, the mutual attraction of the constituent 
atoms or groups will direct them to adjoining atoms, ie. to the 
1 . 2 position. I^ on the other hand, the constituents of the 
addendum are the same, Hs, Br,, "Sfij^, two conditions may obtain ; 
either mutual repulsion may drive them apart into positions 1 . 4, 
or the opposite polar character of the unsaturated groups may 
counteract the mutual repulsion of the constituents of the addendum, 
and cause the latter to enter positions 1 . 2, as in cinnamylidene 
malonic ester, 

CeHftOH : CH . CH : C(COOC2Ha)2 + Br, - 

CeHgCHBr. CHBr . CH : qCOOCjH^),. 

If, finally, each unsaturated group in position 1 • 2 is oppositely 
polar to each constituent of the addendum, the mutual attraction 
may cause the latter to enter positions 1 . 2 instead of driving them 
apart Thus, on reducing dibenzalpropionic acid, the two positive 
hydrogen atoms are attracted to the two negative groups in 
positions 1 • 2, 

CeHftCH : CH . qCO^H) : CH . CeHj -♦ 

CflH^CH : CH . CH{COjH) . CH^ . CeH^. 

The addition in positions 1 . 4 generally occurs under special 
conditions. Erlenmeyer, jun.,' like Hinrichsen, considers that the 
principle of free valencies in the case of unsaturated compounds 
serves the purpose better than that of Thiele's partial valencies, and 
that the union of ethylene and bromine may be expressed thus : 

1 Annalm, 1899» 806, 247. ' Chm. Ztg., 1909, 83, 1097. 

s Annahn, 1901, 816, 48. 

11 a 
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HoC— H-C— Br 

HaC— HjC— Br 



He adopts Eekul^'s view (p. 47) that addition must be assumed to 
precede substitution in saturated compounds, and therefore the theory 
of partial valencies must logically be extended to them also. Thiele's 
theory must consequently either be discarded or expanded. EekuM's 
scheme does not, however, include all reactions, and to extend its 
scope Erlenmeyer has added the following : 



3 







^ 

\ 



\ 



which is intended to convey the notion of the mechanism of the 
interaction of three reacting groups before, during, and after 
a reaction, as, for example, the formation of ethane from methyl 
iodide and sodium, 

I I 

Ch/ JTa CH« \Na 



GSL/ jNa CHa 

CHjv >Na "* ChJ 



^ 



{ 



Na 



or the polymerisation of aoetaldehyde and acetylene, 
O 

CHa.CH^ uCH.CHj CHg . CHf^CH . CH, 




The idea may be applied to the reduction of benzil and muconic acid, 
when Thiele's theory becomes unnecessary. 
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COOH OOOH 

I I 

CH, 

CjHg . Cr^ |H C^H^ . 

-CeH^.cL 'H CeHj.CJl CHL »H CI 

X 

COOH COOH 

According to Erlonmeyer this view of the process has the 
advantage over Thiele% inasmuch as it is of general application, 
and presents a variety of reactions from a common standpoint^ 
without recourse to hypothetical partial valencies. His further 
attempts, like those of Enoevenagel,^ to represent the various kinds 
of chemical combination by phases in the oscillation of carbon 
tetrahedra or spheres cannot be regarded as very convincing, and 
must be left to the reader for reference. 

An interesting view of the nature of the addition process, as it 
occurs in unsaturated ketones, has been described by Vorlftnder and his 
collaborators ' from results of observations by themselves and others 
on the action of acids (hydrochloric, hydrobromic, sulphuric, phos- 
phoric, and picric adds) and a few halide salts (Hgd^, FeCls) on 
certain aromatic oLp unsaturated ketones containing the group 
C : C • C : 0. They find, for example, that substances such as 
dibenzalacetone, CeHfiCH : CH . CO . CH : CH . CeHs the correspond- 
ing dianisalacetone, &c., form additive compounds with one or two 
molecules of hydrogen chloride or bromide, or one molecule of 
sulphuric acid ; that benzalacetone, CeHgCH : CH . CO • CH3, unites 
with one molecule of hydrogen chloride, and so forth. This reaction 
appears to take place in two well-marked phases. In the first phase, 
an unstable and brightly coloured yellow, orange, or red compound 
called A is formed, which, on the addition of water, easily loses acid 
and gives the original compound ; in the second phase the colour 
vanishes more or less quickly with the production of a stable, 
colourless compound, B. The authors then discuss the nature of 
the change. They discard in turn the theory of Eehrmann and 
Wentzel, who ascribe to A and B a different structure, 

OH CI H 

' :CH.CH:O.R b/ VoH.CH.CO.R 



A (coloured). B (ooloorleis). 

* AfmaUny 1900, 8U, 208. 

> Ber., 1908, 86, 1470, 8528 ; 1904, 87, 1644 ; Annakti, 1908, 841, 1 ; 1906, 845, 155. 

O 2 
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beeaufie, as Baeyer and Yilliger^ have pointed out in th« case of 
dianisalaoetone, the methozyl group in the para position in A would 
be eliminated with the chlorine and yield a quinone, a reaction 
which does not take place. They alao reject the theory of Baeyer 
and Villiger that the colour is due to the union of the acid with 
the ketone oxygen, because it has been found in compounds of this 
class that the CO group is less reactive than the neighbouring OsC 
group, and such a union would not explain the addition of two 
molecules of halogen acid to dibenzalacetone, &c. Moreover, an 
unsaturated compound containing no CO group, such as anethole, 
isosafrole, &c., forms yellow and red additive compounds with 
hydrogen bromide and picric acid, and the same occurs with 
anthracene and phenanthrene. For this and other reasons Vor- 
l&nder also rejects Thiele's rule of the existence of a 1.4 and 1 • 2 
additive compound. Nor is the colour necessarily due to the for* 
mation of a coloured ion, for then trimethylammoniumasobenjEene 
chloride, CeHgN : N . CeH4 • N(CH3)3C1, should be violet, like amino- 
azobenzene hydrochloride, CeHgN : N . CeH4NH3Cl, whereas it is 
orange, like aminoazobenzene. The colour must therefore be due to 
a change in the saturation capacity of one or more elements* 

Vorlftnder considers the interaction of two substances to depend 
upon a difference of potential, which falls slightly in the formation of 
the A coloured compounds, but much more in that of the B colourless 
compound& The first stage in the process of combination corre- 
sponding to the A compound is compared to two oppositely charged 
conductors separated by a dielectric, in which the charges are con- 
centrated at opposite points of the conductor; the second, corre- 
sponding to the £ compound, to their discharge on coming into 
contact. A strain is first set up, followed by a fall of energy in 
the system. The two phases, A and B, are termed 'addition 
isomerism'. 

They are represented in the following way : in the first or colour- 
forming phase there is no separation of the constituents of HX, but 
the attachment is that of a molecular compound ; in the second, 
dissociation ^ of HX occurs and the two constituents combine 
additively, with loss of energy, forming the stable and colourless 
compound. 

(HX) 
BCH— CH . CO . B Coloured 

X H 
BCH— CH.CO.B Colourless 

B9r,, 1902, 86, 1191. 
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If the assumption of the existence of molecular ions is correct, the 
first reaction will be influenced by the nature of the solvent as well 
as by temperature, pressure, and the action of light, whereas in the 
second, the solvent will have little effect. 



THE ABOMATIG HTDBOCABBONS 

The aromatic hydrocarbons, standing as it were midway between 
saturated and unsaturated compounds, may be briefly considered here. 

■olMititatioii in the Aromatic Series. It is well known that 
substitution in the nucleus of a monosubstituted benzene derivative 
gives rise to one or more isomers. It is rare to find all three present 
in the product ; but usually the new substituent enters either the 
ortho or para position, or both ortho and para positions, or on the 
other hand only the meta position. The group already present 
appears to possess a directing influence, which has been embodied in 
certain rules of substitution. Hobner ^ expresses it as follows: ' In 
the replacement of hydrogen in the benzene nucleus the entrant 
negative (acid) substituent enters the para position and at the same 
time the ortho position to the least negative or acid substituent already 
present It follows from this that if an acid (negative) substituent 
is already present and a second acid substituent enters, the latter will 
avoid the ortho and para positions as far as possible and enter mainly 
the meta position.' 

Noelting' has expressed the same thing more definitely: 'If 
a neutral, basic, or weakly acid group, such as CH3, CI, Br, I, NHg, 
OH, occupies position 1, by the action of CI, Br, I, HNO3, and H2SO4 
the main product will be a para compound together with varying but 
always smaller quantities of ortho derivatives. But if the position 1 
is occupied by an acid group, NO^, COsH^ SOgH, the action of the 
above reagents produces mainly a meta compound together with 
small quantities of the ortho and para series.' Crum-Brown and 
Gibson' have presented the rule in a rather different form. 
Supposing the radical already present forms a compound with 
hydrogen, which can be converted by direct oxidation into the 
corresponding hydroxyl compound, the new substituent will enter 
the meta position, otherwise it will occupy the ortho-para position. 
Thus HCl cannot be oxidised directly to HCIO, but acetaldehyde 
GH3CHO gives CHsGOOH. The directing influence of chlorine in 

« Ber., 1876, 8, 878. • B«r., 1876, 9, 1797. 

* 2Van«. Chm. iSoc., 1892, 61, 867. 
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the first case is therefore to the ortho-para, that of acetyl to the meta 
position. The results are given in the form of a table : 

HOI 
HBr 
HOH, 
HNH, 
HOH 
HNO, 
HOCl, 
HOOH 
HOOOH 
HSO,H 
HOOCH, 
C,H,CH,.OOOH OH,. COOH HOH,. COOH 

The authors point out expressly that the rule is no 'law \ as the 
nature of the substituent has no obvious connection with the 
mechanism of the reaction. 

Another way of formulating the rule is given by Armstrong,^ who 
points out that ortho-para substitution takes place if an element 
is present in a group in which the atom attached to the nucleus is 
only linked to univalent atoms. Heta substitution, on the other 
hand, occurs if the attached atom is linked to multivalent atoms. 

Vorlftnder has advanced a similar rule to the effect that in 
brominating, sulphonating, and nitrating a benzene substitution 
product CeHsE, the substituents E have a different influence accord- 
ing to whether the element in the side-chain is saturated or not. 
Chloro- and bromo-benzene, phenol, toluene, benzyl chloride, and 
phenylacetic acid give almost exclusively para and ortho substitution 
products, whereas from nitrobenzene, benzenesulphonic acid, benz- 
aldehyde, benzonitrile, acetophenone, &c., mainly meta derivatives are 
formed. The groups which give rise to the entrance of nitro groups 
into the meta position are unsaturated : 

— NOa, —ON, —OHO, —COOH, — SO3H. 
Those which favour the ortho-para position are saturated : 

—a, —Br, —OH, — CH3, — CH2CI, — CHj. COOH. 
But none of these rules rigidly express the facts. It is difficult to 
draw a definite line between weakly and strongly negative atoms 
and groups as formulated by Htibner and Noelting. The Crum- 
Brown-Gibson rule does not explain the formation of m-nitraniline 
(NH3 cannot be directly oxidised to NHjOH) nor the production of 
ortho-para derivatives from toluene (CH4 is directly oxidisable to 
methyl alcohol as Bone ' has shown). VorlUnder's rule falls short in 

1 Trans. Omi. Soc., 1887, 61, 258. * Trcm. Chtm. Soc, 1908, 98, 1975. 
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the case of unsaturated compounda such as cinnamic acid, tMiitro* 
styrene, and azobenzene, which come within the ortho-para series. 
Moreover, there are cases where all three derivatives are formed ; for 
example, when nitric acid acts on toluene. In addition to ortho and 
para, small quantities of meta-nitrotoluene are formed. The same 
occurs with the action of nitric acid on benzoic acid, in which the 
principal product is the meta compound ; but ortho and para nitro- 
benzoic acids are also produced. Aniline, acetanilide, and benzanilide 
yield all three nitro derivatives and so does acetophenone. Another 
point to remember is that in cases where the three isomers have not 
been detected, one or other may have been overlooked owing to the 
experimental difficulties which attend the separation of a small 
quantity. But there are other exceptions in which the formation of 
the particular isomer and the relative quantity of it are determined by 
the conditions of the reaction. Acetanilide and fuming nitric acid 
give a mixture of ortho and para derivatives ; in presence of strong 
sulphuric acid about 95 per cent, of para is produced ; but if nitrated 
with nitrogen pentoxide in presence of acetic anhydride the product 
is almost exclusively the ortho compound. This is in agreement with 
the rule ; but, on the other hand, if aniline is nitrated in presence of 
a large quantity of strong sulphuric acid, the main product is meta. 
Similar observations have been made with dimethylaniline, in which 
the presence of strong sulphuric acid gives rise to the meta derivative 
as principal product. A very curious result is obtained on intro- 
ducing alkyl groups into toluene by the Friedel-Crafts reaction. 
Methyl enters mainly into the ortho position, propyl into the meta, 
butyl into the meta and para^ and amyl probably into the para 
position. HoUeman^ does not regard this fact as opposed to the 
usual rule owing to the complicated nature of the reaction and the 
number of products formed. Blanksma * explains other exceptions by 
indirect substitution, in which the substituent first enters the side- 
chain and then passes into the nudeua This applies to ortho-para 
substitution in the nitration of aniline. Direct or meta substitution 
is assumed to occur when sulphuric acid is present. This view 
cannot be generally applicable seeing that on nitrating or 
brominating bromobenzene indirect substitution cannot occur ; never^ 
theless the products are ortho and para compounds. 

Although the general rules cited above in different forms are 
observed in the lai^r number of cases, it does not follow that the 

' DU dtrtkUEir^Qhrung vcn auhgtiiiMnUn in den BmBdkwn^ p. 196, A. F. HolUman. 
Teit, Leipzig, 1910. 
• Rm. de$ trav. ehim. PayiBas, 1902, 21, 281 ; 1904, 28, 202. 
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proportion of ortho and para ia retained under different conditiona 
or on introducing different substituenta. For example, in sul- 
phonating phenol, the higher the temperature, the more para relatively 
to ortho compound is formed ; in brominating toluene the para com- 
pound is the main product (00 per cent.), but in nitration it is the 
ortho compound which predominates (56 per cent.). Bromination 
of benzoic acid yields on]y the meta compound, but nitration yields 
all three nitro compounds. The character and amount of by-products 
are subject to considerable variation. If para is the main product, 
some ortho is usually formed, but little or no meta compoimd. If 
ortho is the main product, para is found with a little meta. If, 
finally, meta is the chief product, either ortho or para accompanies 
it, together with small quantities of the third isomer. None of these 
observations are without ezceptiona Benzenesulphonic acid gives 
mainly the m-disulphonic acid (68 per cent.) and the rest is para free 
from ortho. Benzoic acid gives mainly m-sulphobenzoic acid, and 
again the para is the only by-product. 

In regard to the rules which determine the entrance of substituents 
into higher substituted derivatives of benzene, it appears in the case 
of the halogens that when the first two hydrogen atoms have been 
replaced in the ortho, meta, or para positions, further substitution 
mainly follows in a direction which leads to a 1.2.4.5 derivative 
whatever the nature of the entrant group K 



(J 



Thaoiriaa of Bauane Subatitation. HoUeman in his treatise on 
'Die EinfQhrung von Substituenten in den Benzolkern' has dis- 
cussed very fully the various theories which have been advanced at 
different times to explain the rules of substitution. Armstrong' 
adopts the view that addition precedes substitution ; that in ortho- 
para substitution, the additive compound results from the union of 
the reacting molecule with the carbon atom to which the first radical 
is attached, whilst in meta substitution the additive compound is 
formed by the union of the reacting molecule with the radicai^ which 
usually contains an unsaturated group. In view of Bamberger's and 

^ Oohen and Dakin, Trans, Ckm. Soc., 1904, 85, 1274 ; Cohen and Hartley, 
ibid., 1906, 87, 1860. 
* IVvn*. Chem, 8oc., 1887, 61, 268. 
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Ohaitaway'8 observations on isomeric change where a group passes 
from side-chain to nucleus, yielding in the migority of cases ortho 
and para deriyatiyes (yol. i, p. 216), this yiew cannot be sustained. 

nUrMlieiiii's Theory.^ Fltlrscheim bases his yiew of substitution 
on Werner^s theory of maximum disposable affinity which may be 
variously distributed according to the nature of the attached atoms 
as previously explained (p. 28). Elements which have a stronger 
affinity for carbon than hydrogen, such as chlorine, tervalent nitrogen 
in the amino group, oxygen in hydroxyl, &c, attach themselves 
more firmly than saturated atoms, such as nitrogen in the nitro 
group and in quinquevalent salts of amino compounds, carbon in 
carboxyl, and sulphur in the sulphonic acid group, &c. The former, 
by absorbing more of the affinity of nuclear carbon, lessen the 
amount which link the ortho carbon atoms, leaving a larger quantity 
available in the ortho and para positions, for the attachment of new 
substituents, whilst the latter, which are less firmly attached, will 
leave more available for attachment in the meta position. If the 
strength of affinity be denoted by thick and thin lines the distribu- 
tion in the case of chlorine and the sulphonic group will appear as 
follows : 



SOfeU 




Such apparent anomalies as the entrance of the nitro group into 
the para position in phenylacetic acid and into the meta position in 
phenylglycine is explained in the same way by a different distribu- 
tion of affinity. 

C.H,-CH,-0<^^ 

Phenylacetic acid. 



CeH5 — OH- 



I N)H 

Phenylglycine. 



^ J. prakt. Chitn., 1902, 66, 821 ; 1905, 71, 497. 
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90 THE AROMATIC HYDROCARBONS 

But this explanation is scarcely satisfactory, for, as Obermiller 
points outy methyl, which is a saturated group and therefore weakly 
attached, produces ortho-para substitution in place of meta. 

Without discussing in detail the other weak points in the theory, 
attention may at least be directed to one, namely the difficulty of 
explaining why ortho substitution in the first case should occur to 
the exclusion of meta, and why in the second case meta substitution 
should be produced to the exclusion of ortho, seeing that in both, the 
ortho and meta carbon atoms are joined by a weak and strong 
affinity, and have consequently a precisely equal affinity value. 
Moreover, as HoUeman observes, the idea of a strong and weak 
attachment is purely relative ; there is no definite line of demarca- 
tion, nor has any group a fixed and unalterable affinity value in 
relation to the nucleus. The nitro group in nitrobenzene is extremely 
stable compared with the fourth nitro group in tetranitrophenol, which 
water will remove in the form of nitrous acid. 

Tschitschibabin's theory of substitution^ bears a close resemblance 
to that of FlQrscheim. It is based upon the principle already 
explained (p. 28) that unsaturated atoms mutually saturate one 
another up to a certain point, and that in consequence the carbon 
atoms in benzene are more saturated than the four in dihydrobenzene 
or the two in tetrahydrobenzene. Unsaturated groups, such as NH^, 
by appropriating some of the affinity of the carbon atom of the ring 
leave lees at the disposal of the latter, and consequently the ortho 
and also the para carbon atoms are lees saturated. Nitrogen in the 
nitro group is, however, more saturated than in the amino group, and 
consequently the attached carbon atom is lees saturated and has more 
affinity at the disposal of the ortho carbon atoms, which leaves less 
for the meta carbon atoms. The meta carbon atom is thereby less 
saturated. Aldehyde and carboxyl groups behave in the same way 
as the nitro group and for the same reasons. According to this view 
methyl should have a meta orienting effect, which is exactly the 
reverse of the fact. Tschitschibabin supposes that unsaturation is 
manifested by addition to the unsaturated atoms, and that it may 
occur either with nuclear carbon or hydrogen or with the atoms of 
a side-chain according to the character of the unsaturated atom or 
group and the nature of the addendum. He represents the process 
by the following schemes, in which X represents the substituent and 
TZ the addendum. 



/. prakt. Chm., 1912, 86, 897. 
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XX X X 

+ HZ 






+ HY 



In this way the ortho-para and the meta laws of substitution are 
explained, but the method of addition scarcely accords with modem 
yiewa The main difference between this and the former theory 
seems to be that whereas FlOrscheim regards each group as appro- 
priating a definite amount of chemical affinity under all circum- 
stances, unsaturation, according to Tschitschibabin, is a yariable 
quantity depending on environment. 

It appears to us that the author confuses the notion of affinity as 
manifested by saturated and unsaturated atoms. Unsaturated atoms 
are, like oppositely charged conductors, at a higher potential than 
saturated atom& Saturated atoms have a lower energy content and 
therefore exhibit a firmer union. This firmer union will affect both 
atoms alike, and the second will lose as much tree affinity as the 
first and will therefore not gain by the transaction as Tschitschibabin 
seems to assume. 

To explain the laws of substitution Obermiller^ adopts the Claus 
diagonal formula for benzene, where each carbon atom of the 
nucleus is simultaneously linked to an ortho and para carbon atom 
which are thus similarly connected. He also regards substitution as 
a direct process not preceded by addition. 

Substituents are divided into two classes : those which promote 
substitution and those which hinder it. The orienting effect of the 
first is directed towards the ortho and para positions, that of the 
second towards the meta position. 

The division is not very clearly marked, and depends on the ease 
or difficulty with which the second and third member of the sub- 
stituting group can be introduced into the nucleus. The meta- 

^ Die crieniierendm Sif\flilm un4 der BentoOmn, by J. Obermiller. J. A. Barth, 
Leipzig, 1909. 
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orienting influence of such groups as NO21 SOsH, and CO2H is put 
down to steric hindrance due to the space occupied by the group. 
This effect may under certain circumstances be suppressed if the 
orienting influence of an ortho*para substituting group is present, as, 
for example, in the nitration of m-chloronitrobenzene when the 
second nitro group under the orienting influence of the chlorine 
atom enters the ortho position to the first group. Then, it may be 
asked, why does the nitro group frequently enter the ortho position 
rather than the para, where steric hindrance would have less effect? 

Obermiller attempts to show that a low temperature and a slower 
rate of reaction overcome steric hindrance, and he cites the case of 
sulphonating phenol in the cold and in dilute solution, which yields 
the ortho-sulphonic acid mainly, whereas higher concentration and 
higher temperature give the para compound. 

In other respects Obermiller adopts Werner's theory of valency, 
and his views, though somewhat differently expressed, bear a certain 
resemblance to those of Fltirscheim. A weak affinity between the 
first substituent and nuclear carbon will strengthen that between the 
carbon atoms in the ortho and para position and weaken the affinity 
of the latter for hydrogen, which is more easily replaced in con- 
sequence. The closer the union between atoms, the greater will be 
their mutual influence, so that the ortho carbon atoms will be more 
affected by substitution than those in the para position ; but steric 
hindrance may supervene and reverse the result. If steric hindrance 
prevents substitution in the para position as well, then meta substi- 
tution will occur. 

The author, in short, lays down so many rules and assumes so 
many modifying circumstances that it is not surprising to find that 
the examples given fit in satisfactorily with one or other of the 
possible explanations. 

HoUeman has suggested a less speculative and more reasonable 
explanation. Assuming Eekuld's formula for benzene, he supposes 
a radical X, being already present in the benzene nucleus, may 
promote or retard addition of the new substituent to the adjoining 
double bond. If it promotes addition, an ortho compound will 
result. Conjugation may cause addition in the para position, accord- 
ing to Thiele's theory (p. 70), in the same fashion. On the other 
hand, the addition in position 2 . 8 is uninfluenced by X, as it does not 
adjoin the double bond. In other words, addition is influenced by 
X in positions 1 . 2 and 1 . 6, but not in 2 . 8. The idea may be 
illustrated in the following manner. Let us suppose CeH^X to be 
nitrated ; three additive compounds may be formed. 
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Ortho. 



By subsequent removal of water a para, ortho, or meta nitro^sompound 
is produced If X accelerates the reaction, substitution follows the 
para-ortho rule, which may lead to the exclusion of any meta com- 
pound. If X has no such accelerating action, smaller or larger 
quantities of meta compound will be formed. Examples are afforded 
by the nitration of phenol and toluene. In the first case, where the 
rate of the reaction is high, ortho and para nitro-compounds only are 
formed ; in the second, where the rate is slower, a certain amount of 
meta compound is produced. If X has a retarding effect^ addition at 
2 . 8 predominates. This view fits in very neatly with the observa- 
tion that meta compounds are often accompanied by smaller quanti- 
ties of ortho, for here the first addition occurs at 2. 8 and then at 
2. 1, in which position 2 is common to botL 

Collie,* by means of a model in which the carbon atoms with the 
attached hydrogen revolve, has illustrated the movement of the 
carbon atoms of benzene, whereby it is made to pass through various 
phases. These phases may be represented in a plane by means of 
figures in which the Eekuld and centric formulae recurrently appear, 
as representing certain states of the nucleus. 




Supposing addition to the original unsaturated substituent to 
precede substitution, the orientation of the newly attached group will 
be dependent on the phase in which the addition occurs. If nitro- 
benzene were chlorinated, an additive compound GeH5N0a . Cla will 
first be formed. In the first phase we may suppose the NOg group 
to occupy the position of one of the external hydrogen atoms, and, in 

1 Tram. tHim. 8oe., 1897, 71, 1018. 
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the last, that of one of the internal hydrogen atoms. In the latter 
position chlorine would be brought into dose contact with the 
hydrogen atoms and substitution would take place in the meta 
position. 

Nq,Git 

But, on the other hand, when nitric acid is allowed to react with 
chlorobenzene, no such additive compound would be formed, and the 
attraction of the three hydrogen atoms attached to the 2.4.6 carbon 
atoms might be just sufficient to determine its reaction with them 
and so produce ortho and para compounds. 







It must be confessed that the second explanation is not quite so 
convincing as the first. 

Lapworth ^ bases his views on the dyad and triad type of isomeric 
change (vol. i, p. 177) in which migration occurs from an a to a )3 
atom with change of valency and from an a to a y atom with change 
of linkage. 

A=B 3± >A— B 



A.B:0 Zt A:B.O 



i 



i 



The idea has been extended by introducing a double migration, 
taking place successively in opposite directions, thus : 

A.B:0 5^ A:B.C -^ A.B.O 

i i A i i 

1 Jroiu. Chtm, 8oCf 1898, 78, 445; 1901, 79, 1266. 
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which may recur through a series of alternate singly and doubly 
linked atoms such as exist in benzene (Eekul^'s formula). 

The process is illustrated by isomeric change from side-chain to 
nucleus, as for example in the case of benzenesulphamic add, when 
a sulphonic acid group wanders from nitrogen to the nucleus to form 
ortho and para anilinesulphonic acids (vol. i, p. 217). 



a;»-soji 



NHa 




and 




iO«H 



The sulphonic group wanders to the first y atom in the ortho 
position and to the next y carbon in the para position, whilst the 
hydrogen it displaces, wanders in the opposite direction. 

The meta change is effected in the same way by migration in two 
directions ; but owing to the unsaturation of the side-chain, the 
wandering group is farther removed from the nucleus. This may be 
illustrated in the case of the sulphonation of nitrobenzene. 





OH 



I^OSOsH 



Y 



In this case the hydrogen migrates from the first y position to the 
next y position and thence to the oxygen of the nitro group, and the 
sulphonic groujMSi make the reverse journey. 

The conditions underlying the meta rule are formulated by 
Lapworth as follows: 'Where a substitution product is formed by 
isomeric change of a product of addition or substitution in the side- 
chain in which the substituting radical is separated from the benzene 
nucleus by two intermediate atoms, a meta substitution derivative must 
be produced or replacement of the side group by the new substituting 
radical will occur.' 

Direct substitution in the nucleus is, according to Lapworth, deter- 
mined by addition followed by cleavage as formulated by Armstrong 
and Holleman. 
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Ofttaljtio BadnoUoiL Platinum and palladium in eoi^'unotion 
with hydrogen have been frequently used as reducing agents, and it 
has long been known that unsaturated hydrocarbons could be con- 
verted into paraflSns and the oxides of nitrogen into ammonia by 
passing a mixture of the rapour or gas and hydn^n oyer the heated 
metal. The process is a t3rpical catalytic or contact reaction, inasmuch 
as the metals greatly accelerate reduction without undergoing any 
fundamental change in composition or quantity, or bearing any mole- 
cular relation to the amount of material transformed. 

It is not our intention to e&ter on a discussion of the mechanism 
of the process, about which there is some diversity of opinion, but 
merely to record its application in organic synthesis. 

Bredig' was the first to obtain colloidal' platinum by passing 
a current between electrodes of the metal below the surface of water. 
The metal appears to pass into solution, but the latter has none of 
the physical characters of a true solution, for it neither diffuses 
through animal membranes nor exhibits osmotic pressure. It is 
a pseudo or colloidal solution. He noticed its reducing action on 
nitrites and its effect in bringing about the union of hydrogen and 
oxygen. 

In 1902* Paal found that colloidal solutions of metallic oxides and 
metals could be produced by adding alkali to the metallic salts in 
presence of the sodium salts of protalbinic and lysalbinic acid (hydro- 
lytic products of protein), which act as ' protecting agents '• Later,' 
he prepared colloidal palladium, platinum, and indium by a similar 
method, using first hydrazine sulphate and afterwards free hydrogen 
as the reducing agent. The colloidal solutions in water and alcohol 
are very active, and in presence of hydrogen reduce such substances 
as oleic, cinnamic, maleic, and fumaric acids, to the saturated 
condition. 

Wallach ^ has since carried out numerous experiments by Paal's 
palladium method and finds that ethylene comi>ounds can be reduced, 
no matter where the ethylene bond occurs, and that the reduction 
can be effected with or without solvent and at the ordinary tempera- 
ture, thus excluding the possibility of isomeric change. The reaction 

^ Anorgaitkehe Finnent$, hy G. Bredig. Leipzig, 1901. 
s Ber.y 1903, 86, 2195, S206, 2227. 

• Bwr., 1906, 88, 1406, 2414 ; 1907, 40, 2209 ; 1908, 41, 806, 2278 ; 1909, 48, 
8980. 
« AnruOen, 1911,381,62. 
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ean be so regulated that the ketone group in a)3 unsaturated ketones 
is only slightly attacked. 

In the meantime Fokin, who had been experimenting on electro- 
lytic reduction with different metals as electrodes, found that those 
metals which are known to occlude hydrogen have the strongest 
reducing action. He subsequently observed that the solvent also 
plays a part, and that whilst one solvent will promote, another will 
prevent reduction. 

Later ^ he introduced platinum and palladium black, and showed 
that oleic acid in ether solution in presence of these metals is reduced 
to stearic acid by passing in hydrogen at the ordinary temperature 
or in presence of nickel and cobalt at a high temperature. With 
colloidal platinum he succeeded in reducing a number of unsaturated 
organic acids and also acrolein, nitrobenzenei &c., but not the 
aromatic hydrocarbons. 

Willstfttter ' then took up the subject and improved and simplified 
the process of reduction by using colloidal platinum, prepared 
according to LOw.' The method consists in reducing platinic 
chloride with formaldehyde in alkaline solution. The precipitate is 
then washed by decantation, until the platinum hydrosol begins to 
pass into solution, and filtered. The product^ which is carefully 
excluded from the air, is very active, and is capable, in presence of 
hydrogen, of effecting the complete reduction, not only of unsaturated 
compounds, but also of benzene and naphthalene, which yield cydo- 
hexane and decahydronaphthalene respectively, and other aromatic 
hydrocarbons and compounds such as phenol and benzoic acid, which 
give the hexahydro-derivatives. The colloidal metal can be used 
with various solvents. In the examples named, glacial acetic acid 
was added to the substance. The reducing activity is, however, 
dependent on the absence of certain substances, especially sulphur 
compounds, which appear to arrest the action completely. 

Skita^ has introduced palladious chloride in aqueous or alcohol- 
aqueous solution in presence of gum arabic as protective colloid. 
Under the action of hydrogen the palladium salt is reduced to the 
colloidal metallic condition and has effected the reduction of a number 
of organic compounds such as unsaturated ketones of the aliphatic 
and aromatic series. 

c^Pulegone was reduced by hydrogen at two atmospheres pressure 
in presence of colloidal platinum to <I-menthone; other reducing 

1 Chem. ZwOnUbL, 190^f rol. ii, p. 768 ; 1907, yoI. ii, p. 1824. 

s Ber., 1908, 41, 1476 ; 1912, 45, 1471. * Ber., 1890, 28, 289. 

« Btr., 1909, 42, 1627 ; 1910, 48, 8898. 
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agents yield the laevo oompouncL In mesityloxide the ethylene 
group is reduced, but the ketone group remains intact, and the 
same is true of phorone; but by raising the pressure to five 
atmospheres the latter is converted into methyl isobutyl carbinol. 
Whilst Sabatier and Senderens' method (see below) leads to the rupture 
of the cyclopropane ring in thujene, Tschugaeff ^ found that platinum 
black and hydrogen at the ordinary temperature gave thujane. 
Bise of temperature also has an effect. Phenanthrene, for example, 
when reduced with palladium at the ordinary temperature yields 
tetrahydrophenanthrene, but at 160^ the octahydride is formed. It 
will be seen from the foregoing examples that the action of finely 
divided platinum and palladium affords an effective and easily 
regulated reduction method of very extended application. 

The Babatier-BendMreiui Xethod.' The method consists in 
passing the vapour of the substance to be reduced, mixed with pure 
hydrogen, over finely divided nickel and certain other metals at an 
optimum temperature. The process originated in the observation 
that certain metals could be made to combine with nitrogen peroxide. 
An attempt to produce similar compounds with acetylene led the 
authors to pass the gas over finely divided metals (nickel, cobalt, 
iron, and platinum), with the result that it decomposed with incan- 
descence. Further experiments carried out with ethylene at a tem- 
perature of 800^ 3rielded a similar result ; carbon was deposited, but 
the gas evolved proved to be ethane. Thus the saturated hydro- 
carbon was probably formed at the expense of the hydrogen of the 
unsaturated compound. This led the authors in 1899 to study 
the reducing action of finely divided metals, in conjunction with 
hydrogen, on a variety of organic compounds. Nickel proved to 
be the most active, but cobalt, iron, copper, and platinum were 
also found to effect reduction, the activity varying in different 
cases. Thus only nickel and cobalt can hydrogenate the aromatic 
nucleus. 

Copper is less active than nickel, and in certain cases where the 
latter catalyst carries the reduction too far, metallic copper may be 
substituted. Very important factors are temperature and pressure, 
for it appears that these are probably reversible reactions,' in 
which the balance may shift under varying conditions. This will 
explain the existence of an optimum temperature for each reaction 

1 Cmpt, rmd., 1910, 161, 1068. * Ber., 1911, 44, 198i. 

» Ipatiew, Ber., 1907, 40, 1270. 
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and the change of pi'oduct with change of pressure. It is usual to 
explain the reducing action of the metal by the formation of an 
unstable hydride, a view which accounts for the numerous cases of 
dehydrogenation, when the metal robs the compound of its hydrogen. 
But Ipatiew's discovery of the almost equally efficient action of nickel 
oxide, especially in presence of hydrogen under pressure, seems to 
point to the intermediate formation of water, which, according to 
Ipatiew, loses its hydrogen in an active form, regenerating the 
metallic oxide. The view receives some confirmation from Brunei's 
observation' that phenol is readily reduced to cyclohexanol by 
vaporising the phenol, previously liquefied, by the addition of water, 
that is, in presence of water vapour. The advantage of the Sabatier- 
Senderens over the preceding methods is the rapidity of the process 
and the large quantities of material which can be treated in a short 
time ; its defect is the necessity of using rather high temperatures 
(150-20<f) and the consequent difficulty of avoiding secondary 
reactions, polymerisation, isomeric change, and occasionally carboni- 
sation. 

The operation is conducted as follows : to obtain a large metallic 
surface, pieces of pumice are soaked in nickel nitrate solution and 
heated to convert the nitrate into oxides The pumice is then intro- 
duced into a hard glass tube about two to three feet long and placed 
in a hot-air furnace. The oxide is reduced at a temperature of 820- 
850^ in a current of hydrogen, carefully purified and freed, more 
especially, from traces of sulphur and halogen, which destroy the 
activity of the catalyst. The temperature is then regulated according 
to the nature of the substance to be reduced, which is introduced 
with the hydrogen in a steady stream. If gaseous, the two gases are 
admitted simultaneously ; if liquid, the substance is dropped from 
a tap-funnel into the end of the tube; if solid, it is melted and 
vaporised in a current of hydrogen. 

We will now consider briefly the effect of this method of reduction 
on various organic compounds. Among the earliest experiments 
conducted by Sabatier and Senderens was the reduction of carbon 
monoxide and dioxide. The former at 250° and the latter at 800^ yield 
methane and water. 

Olefinea and Acetylenes. The interesting observation was made 
that when acetylene is reduced with excess of hydrogen at 200°, 
liquid condensation products are formed, consisting mainly of 
paraffins and closely resembling American petroleum. A second 

1 CompL rend., 1904, 187, 1268. 
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traatment of the material produced a certain quantity of hydro- 
aromatic hydrocarbons or naphOienes corresponding in character to 
the Caucasian product, whilst if the reduction was conducted at 
800^ some of the hydrocarbons were converted into unsaturated 
cyclic hydrocarbons and the product resembled Oalician petroleum 
in character. 

The higher acetylenes behaye differently. Diacetylene with copper 
as catalyst yields ethylbenzene and other substances in smaller 
quantity ; nickel, on the other hand, 3rields ethylcyclohexane. The 
difference between the two catalysts is also brought out in the case 
of heptine OjHis, copper giving heptene C7H14 and polymerisation 
products (di- and tri-heptene), and nickel effecting complete reduction 
to heptane. This difference in action of the catalysts is explained 
by Sabatier on the assumption that the metal, under varying con- 
ditions of temperature, is capable of forming different hydrides, and 
thus producing lower and higher states of hydn^nation. 

AromaHe Hydrocarbons. Aromatic hydrocarbons (benzene and 
homologues) are readily converted into hexahydronlerivatives at 
180^ and compounds with unsaturated side-chains yield the corre- 
sponding cycloparaffins. Styrene gives ethylcyclohexane, dipentene 
forms menthane, camphene yields dihydrocamphene, bornylene 
gives camphane^ and pinene forms pinana In the first experiments 
with naphthalene and acenaphthene, tetrahydronlerivatives were 
obtained. Since then, by working at lower temperatures, the deca- 
hydride of naphthalene, the tetra-, octa-, and tetradecahydrides of 
anthracene^ the di-, tetra-, and dodecahydride of phenanthrene, and 
the decahydride of fluorene have been prepared. 

Aldehffdes and Ketones. Aliphatic aldehydes and ketones with 
nickel as catalyst are readily reduced to alcohols. By this method 
the formation of pinacones from ketones is avoided. Aromatic 
aldehydes such as benzaldehyde give benzene and carbon monoxide, 
whilst aromatic ketones give the corresponding hydrocarbons. The 
diketones, such as benzil and benzoin, also react smoothly, yielding 
dibenzil, and the quinones are easily converted into the corresponding 
quinol ; in the case of benzoquinone the nucleus may also be reduced, 
and qoinitol is formed. 

Phends. At a temperature of 215-280^ the mono- and poly- 
hydiic phenols are reduced to cydohexanols, and « and /3 naphthol 
form the decahydrides. If the temperature is too high they 
may lose hydrogen, giving the cydoketone. This elimination of 
hydrogen is exemplified in the case of the alcohols, which, with 
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copper as catalyst, form aldehydes or ketones, and the latter in turn 
may lose carbon monoxide, and finally pass into hydrocarbons. 
An interesting example is that of allyl alcohol^ which by loss of 
hydrogen is partly converted into acrolein and partly by further re- 
duction into propionaldebyde. At a lower temperature it is wholly 
converted into propyl alcohol. Benzyl alcohol yields benzaldehyde 
at 800^ and benzene and carbon and carbon monoxide at 880^ 
Furyl alcohol is, however, reduced to methyl furfurane. 

Unsaturated Ketones. In substances like mesityloxide, the ethy« 
lene, but not the ketone, group is reduced ; unsaturated cyclic 
ketones, on the other hand, can be converted into cyclohexanols if 
the temperature is kept low and the speed regulated so that a large 
excess of hydrogen is present In this way pulegone has been 
converted successively into pulegomenthone and pulegomenthol, 
carvone into dihydrocarveol, and thujone into thujol. 

Unsaturated Acids and Esters of the aliphatic and aromatic series 
are readily reduced to the saturated condition. Acrylic acid is con- 
verted into propionic acid, oleic acid into stearic acid, and cinnamic 
acid into phenylpropionic acid. The esters behave similarly. 

Acids and Anhydrides. Acetic acid passed over heated copper 
at 400^ breaks up into methane, carbon dioxide, and acetone ; with 
zinc dust at 250° it gives acetone ; propionic acid and the higher 
acids yield a mixture of aldehyde and ketone (propionaldebyde 
and diethylketone). Acetic anhydride with nickel breaks up into 
acetaldehyde and acetic acid. The nucleus in aromatic acids has 
not yet been reduced by this method. The effect on phthalic 
anhydride is to give phthalide. 

NUro-can^poiMds are reduced to amines. Nitrobenzene passed 
over copper at 800° yields aniline, and other nitro-compounds behave 
similarly, whilst if nickel, the more powerful catalyst, is employed, 
the aniline breaks up into benzene and ammonia. Aliphatic nitro- 
compounds are less sensitive to nickel, and yield the amine at 
150-180°. 

Compounds such as oximes, cyanides, isocyanides, and isocyanic 
esters, which yield amines by other methods of reduction, are reduced 
in the same way by nickel and hydrogen. With aliphatic cyanides 
the product, as a rule, is not a single primary amine, but a mixture 
with the secondary and tertiary base, in which the secondary amine 
predominates. The latter is produced by union of two or more 
molecules of the primary amine, with elimination of ammonia. In 
the case of aromatic cyanides, cleavage into hydrocarbon and 
ammonia occurs. Phenyl cyanide gives toluene and ammonia. 
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Isocyanic esters and carbamines give secondary amines, but the 
reactions are complicated by secondary processes. 

CaHfiNCO + 8Ha = C3H5NHCH3 + H^O 
CaHjNC + 2Ha = C2H5NHCH3 

Like the aliphatic cyanides, the aliphatic aldoximes give primary, 
secondary, and tertiary amines, in which the secondary amine pre- 
dominates, whilst the cyclic oximes, such as acetophenonozime, give 
in addition the unsaturated hydrocarbon. It is a remarkable fact 
that the esters of nitrous acid yield amines on reduction just like 
the isomeric nitroparaffins. 

Aromatic Bases. The effect of temperature on the product of 
reduction is well illustrated in the case of aniline and other aromatic 
bases. Passed over nickel at a high temperature aniline breaks 
up into benzene and ammonia: at 190° it yields a mixture of 
cyclohezylamine, dicyclohexylamine NH(CqHii)2, and phenylcyclo- 
hezylamine CeHgNHCeHu ; at 160-180° cyclohezylamine alone is 
formed, and the homologous amino compounds are readily reduced 
in the same way. Benzylamine, however, breaks up mainly into 
toluene and ammonia, with the formation of little of the cyclohezane 
derivatiye. The only satisfactory method of obtaining hezahydro- 
benzylamine is to utilise the Sabatier-Senderens synthesis of amines 
by passing a mizture of the alcohol and ammonia over heated 
thoria. Though attempts to reduce pyridine failed, the ring breaking 
and giving rise to amylamine, quinoline was converted into the 
tetrahydro-derivative by reduction of the pyridine nucleus, and 
pyrrole into pyrrolidine. Indole, curiously enough, breaks up and 
gives o-toluidine, and acridine forms a)3-dimethyl quinoline, in 
which one benzene ring is opened. 

Halogen Compownds. The general effect of the process on 
halogen compounds is either to remove the halogen, which is 
eliminated as halogen acid, giving the unsaturated hydrocarbon, or 
simultaneously to replace it by hydrogen. The aliphatic mono- 
chloro compounds break up at 250° into hydrogen chloride and the 
define ; 2.2 dichloropropane gives chloropropylene. Chloro- and 
bromo-benzene lose halogen and yield benzene. 

Zpatiew's Xethod. The first ezperiments of Ipatiew were 
directed to the study of the pyrogenetic effect of different catalysts 
at high temperatures (600-800°), in the course of which he was able 
to show that a common result of such a process was the removal 
of hydrogen and also ozygen. In this connection, iron and zinc, that 
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is, easily ozidisable metals, were found to be peculiarly active. 
Alcohols passed through iron tubes, or tubes containing zinc, were 
converted into aldehydes and ketones, along with olefines formed 
by removal of water. 

A variety of catalysts, including alumina and other metallic oxides, 
were examined, with interesting results, some of which corresponded 
closely with those obtained by the Sabatier^Senderens process. 
A novelty in the method was afforded by the use of hydrogen at 
high pressure, which was proved to accelerate the process. Ipatiew 
showed, for example, that ethylene in presence of alumina and 
hydrogen at a temperature of 400-450^ and at a high pressure 
underwent polymerisation and reduction, yielding paraffins. Acetone, 
which undergoes no change in an iron tube at 400^ with hydrogen 
at the ordinary pressure, is converted at 100 atmospheres to the 
extent of one-fourth into isopropyl alcohol. 

A further development of the method was the action of the two 
oxides of nickel^ on unsaturated compounds in presence of hydrogen 
at a pressure of 100-120 atmospheres. Benzene was completely 
reduced to cydohexane at 250° in one and a half hours, with one-tenth 
of its weight of nickel oxide, the rate of reduction being therefore 
greater than with the metal. Other aromatic hydrocarbons, ketones 
and bases, phenols, terpenes, and quinoline were reduced more 
rapidly than in the Sabatier-Senderens process, and, in addition, the 
alkali salts of aromatic adds such as benzoic, phthalic, and )3-naphthoic 
acids, which are unaffected by the free metal, yielded the hexa- 
hydro compounds in the first two cases and the tetrahydro and deca- 
hydro acids in the last. Copper oxide can in some cases replace 
nickel oxide with advantage.' The great difference in the rate of 
reduction seems to point to some other action than that of the metal 
and hydrogen. Ipatiew explains the process by supposing reduction 
of the nickel oxide to occur with the formation of water, which 
re-forms oxide and liberates active hydrogen. 

Among reducing catalysts should be included metallic iron in 
its action on nitro-compounds, for it is well known that much 
less than the theoretical amount of hydrochloric acid is required for 
reduction. The process is explained by the alternate change ot 
ferrous chloride into the magnetic oxide and reconversion into 
ferrous salt. 

Dehydrogenatioii. It has already been pointed out that the above 
process, especially at higher temperatures, is reversible, and may 

1 Ber., 1907, 40, 1270, 1281. * £fr., 1909, 42, 2089. 
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lead to the elimination of hydrogen. Thus it has been shown that, 
with copper at 250-^00^, the primary alcohols yield aldehydes, the 
secondary alcohols form ketones, and tertiary alcohols give olefines. 
Geraniol may be converted into citral, bomeol into camphor, and 
menthol into menthone. Cydohexanes pass into aromatic hydro- 
carbons. Cydohezanols above 350^ tend to revert to the phenol, 
the cydohexylamines to the amino compounds ; the dodecahydride 
of anthracene loses six atoms of hydrogen at 200^ and eight atoms 
at 260^, reverting to anthracene at 810^. At 800"^ piperidine is 
converted into pyridine. 

Ipatiew * and others have shown that alumina and other substances, 
g3rpsum, silica, aluminium phosphate, &c., can remove the elements of 
water. Above 800^ the alcohols yield olefines. Catalysts such as 
copper and alumina or thoria may thus produce essentially different 
reactions ; for with the metal the alcohol loses hydrogen and yields 
aldehyde, as we have seen above ; with the oxide it loses water. 
According to Sabatier* both reactions are determined by a labile 
union of the catalyst with the compound and the difference in the 
nature of the product thus formed. This view has been successfully 
applied to the synthetic formation of amines, thiols, and esters by 
passing alcohols mixed respectively with anmionia, hydrogen 
sulphide, and acids over heated thoria.' 

Refebences. 

Vtber kaidlyH$che R^uktionen organisch^r VerUndungm, by Dr. A. Skita. Enke, 
Stuttgart, 1912. 
Die MetKodfn der organiichm Ohwnie, by Dr. B. SzelinskL Thieme, Leipzig, 1911, 

CSatalytio Ozidatioii. The earliest use of catalysts in oxidation 
is to be ascribed to H. Davy, who used platinum in effecting the 
union of hydrogen or marsh gas with oxygen, a phenomenon which 
was afterwards utilised by Ddbereiner in his lamp. Here a jet of 
hydrogen was made to impinge upon a surface of platinum upon 
which oxygen was occluded ; oxygen combined with the hydrogen, 
raising the platinum to incandescence and bringing about ignition of 
the jei A later application of platinum as an oxidising agent was 
that by Hofmann to the preparation of formaldehyde, which Low 
afterwards modified by replacing the platinum by copper. Colloidal 
platinum or copper was found to produce the same effect when air 
at the ordinary temperature was passed through methyl alcohol con- 
taining the metal in solution. Platinum black moistened with 
ethyl alcohol and exposed to air is converted into acetic acid, and 

^ Bouveault, SuU. Soc. CAtm., 1908 (4), 3, 11& * Ber., 1911, 44, 200a 

B Sabatier and HaUhe, Compt. nnd., 1911, 152, 858, 494, 1044. 
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other organic compounds have been oxidised in a similar fashion. 
Gerous oxide, which, exposed to air in alkaline solution, passes into 
the trioxide, can bring about oxidation, though its use in organic 
chemistry is restricted. Vanadium in the form of oxide has been 
used along with chlorates in the production of aniline black from 
aniline, and the oxide of vanadium or ammonium vanadate has also 
been utilised in modifying the action and increasing the3rield of oxalic 
acid by the action of nitric acid on sugar. But the most interesting 
of oxidising catalysts are iron in presence of hydrogen peroxide, and 
mercury or mercuric sulphate in presence of sulphuric acid. 

The use of hydrogen peroxide in presence of a trace of ferrous 
salt was introduced and studied by Fenton^ and has proved an 
invaluable reagent. Its action was first applied to the oxidation of 
tartaric acid, which is converted into dihydroxymaleic acid and later 
to that of the polyhydric alcohols, which are oxidised mainly to 
aldoses. Hydroxy acids are also readily attacked,' yielding aldehydic 
or ketonic acids. 

Buff' modified the method for preparing aldoses by oxidising the 
hydroxy acid obtained from one sugar, by means of Fenton's reagent, 
to the lower aldose of the series (see vol. i, p. 301). 

It may be added that Dakin^ has shown that normal saturated 
fatty acids and their phenyl derivatives may be oxidised to )3-hydroxy 
and )3-ketonic acids by the action of hydrogen peroxide on the acid 
without the addition of iron or its salts. 

The first example of oxidation by the use of mercury in strong 
sulphuric acid was that of naphthalene, which at a temperature of 
about 275° is rapidly attacked and converted into phthalic acid. 
Anthraquinone is converted by the same process into hydroxyanthra- 
quinone, and by protecting the hydroxyl groups by esterificaidon 
with boric acid a hexahydroxyanthraquinone has been formed. The 
oxidation of aniline is greatly accelerated by the presence of mercuric 
sulphate at 275^ The use of persulphates in presence of silver 
peroxide and silver nitrate has also been applied as an energetic 
oxidising agent, which can convert benzene into quinone.* 

The catalytic oxidation of enzymes or oxidases has already been 
discussed in vol. i, p. 854. 

Catalytie Ealogenation. To complete the series of catalytic 

» Trans. Chem, Soc, 1894, 65, 899 ; 1899, 76, 676. 
» Trans. Chem, Soc, 1900, 77, 69. • Ber., 1898, 81, 1678. 

« Oxidatums and Redudions in (he AninuU Bod^f, by H. D. Dakin. Monographs on 
Biochemistrj : LongmanB, Oreen, 1912. 
• Kompf, Ber.f 1906, 88, 8968 ; Austin, Trans. Chsm. Soc, 1911, 00, 264. 
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reactions of organic compounds, mention should be made of 'halogen 
carriers', which accelerate in a remarkable degree the process of 
chlorination and bromination. Among the more important are iron 
and its salts, the chlorides and bromides of antimony, molybdenum, 
aluminium, and phosphorus, sulphur and iodine. 

Catalytio Condaasation, such as the Friedel-Crafts reaction, is 
discussed under condensation (p. 107). 

PolymeriBation. The term polymerisation is clearly marked out 
from the process dealt with in a succeeding section on condensation 
by the nature of the product A polymerisation product is one 
formed by the union of two or more molecules of the original com- 
pound in such a manner that depolymerisation, or cleavage into the 
original substance, is easily effected. The conversion of acetaldehyde 
CaH40 into paraldehyde (021140)3 is an example of polymerisation, 
for the latter on distillation with a small quantity of sulphuric acid 
yields the parent substance. Aldol (031140)2, on the other hand, 
cannot be broken up readily into acetaldehyde. The difference lies 
in the nature of the link between the molecules : in paraldehyde it is 
supposed to be effected by means of oxygen, in aldol by means ot 
carbon. 

CH, 




CH3.CH(OH).CH2.CHO 
CH3 . HdvJcH . CHa ^^^^ 

Paraldebydti. 

The property of undergoing polymerisation is peculiar to un- 
saturated compounds, from a natural tendency to saturate themselves. 
The formation of diisobutylene from isobutylene under the action of 
sulphuric acid or zinc chloride and that of benzene from acetylene 
must be included under condensation processes in accordance with 
the definition adopted above ; but the conversion of aldehydes into 
the polymolecular paraldehydes, and the thio-aldehydes and -ketones 
into trithioaldehydes and trithioketones are examples of polymerisa- 
tion. Polymerisation of the aldehydes is effected by small quantities 
of catalysts, such as mineral acids and certain metallic chlorides. 

The change is also exhibited by aromatic aldehydes when acted upon 
by alkalis, but in this case intramolecular change occurs and an ester 
is formed. Benzaldehyde yields benzyl beuzoate. 

2CeH5CHO = CeH6CH20 . 00 . CflHg. 
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The only ketone which undergoes this change is acetone, which in 
presence of alkali yields diacetone alcohol GH8.GO.GH2.C(OH).(GH8)2» 
but breaks up on heating into acetone. The thio-aldehydes and 
-ketones polymerise so much more readily than the aldehydes 
that by acting on the aldehyde or ketone with hydrogen sulphide in 
presence of hydrochloric acid polymerisation occurs in process of 
formation. 

Polymerisation is very conmionly observed among cyanogen com- 
pounds. Cyanogen itself yields paracyanogen (GN)ny hydrocyanic 
acid in alkaline solution deposits on standing a brown amorphous 
compound, which is probably aminomalonic nitrile (GN)2 . GHNH2, 
whilst the alkyl cyanides yield di- and tri-molecular compounds. 
Liquid cyanogen chloride gives the solid tricyanogen chloride, 
cyanamide forms di- and tri-cyanamide (melamine). Gyanic acid and 
its esters also polymerise readily. Thiocyanic acid behaves like 
cyanic acid. 

Light will sometimes e£Fect polymerisation, as in the conversion of 
anthracene into dianthracene (see p. 899). 



GHAIN AND EING FORMATION 
L CONDENSATION, UNION OP CARBON AND CARBON 

The terms condensation and condensation product imply a process 
and its result which have never been clearly defined, but which at 
the same time convey a distinct idea. Thus, the combination of 
ethyl alcohol and acetic acid to form an ester — a reaction in which 
water is separated— would not be termed condensation, yet the union 
of two molecules of acetaldehyde to form crotonic aldehyde, in which 
water is likewise removed, would be regarded as a typical example 
of such a process. 

GHa.GOOH + G^H^OH = GH3 . GOOGgHg + H^O 

Acetic acid. Ethyl alcohoL Ethyl acetate. 

GHj.GHO + GHa.GHO « GH3.GH:GH,GHO + HjO 

Acetaldehyde. Crotonic aldehyde. 

Again, all reactions, of which the conversion of aldehyde into aldol 
may be taken as the type, are termed aldol condensations, but in this 
case no water is separated. 

GH3 . GHO + GH3 . GHO - GH3 . GH(OH) . GH^ . GHO 
Acetaldehyde. Aldol. 
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It is easy to draw a distinction between the formation of acetic 
ester from alcohol and acetic acid and that of crotonic aldehyde from 
acetaldehyde. In the first reaction the two molecules are linked in 
the new product by oxygen and are again readily separated by 
hydrolysis ; but in tiie second reaction the new linkage is established 
between carbon atoms, and the product is consequently of a much 
more stable character. This might help us to a definition, were it 
not that in the third example no water is eliminated, although the 
new combination is effected between carbon atoms. 

Although it is true that the formation of aldol is covered by the 
term polffmerisation and should, strictly speaking, be included in this 
category, yet it is distinct from the process which gives rise to 
paraldehyde, a compound which, unlike aldol, is readily dissociated 
into the original aldehyde. In other words, the one is a reversible, 
the other is practically a non-reversible process. 

As the formation of aldol is intimately linked with that of crotonic 
aldehyde, it would be illogical to draw distinctions between the two 
processes, and the term aiddl condensation is therefore justified. 

Condensation may then be defined as the union of two or more 
organic molecules or parts of the same molecule (with or without 
elimination of component elements) in which the new combination is 
effected between carbon atoms. 

If this definition is accepted it will naturally embrace every kind 
of reaction in which new organic compounds are elaborated by the 
linking of carbon atoms. Used in this sense the word condensation 
can be conveniently applied to denote a certain section of the more 
comprehensive category of constructive chemical changes which are 
included in the term synthesis. 

There is no intention of implying that the combination between 
carbon atoms is subject to difiPerent conditions from those obtaining 
among other elements. The union is, as a rule, more stable, but not 
necessarily so, and many reversible changes are known, in which 
carbon atoms part company as well as combine. We shall see 
presently that an almost equally stable union may be effected between 
carbon-nitrogen, carbon-oxygen, or carbon-sulphur, both in open 
chain and ring structures. 

It must be recognised, therefore, that the distinction is an artificial 
one and merely convenient. Also, for convenience, it is desirable to 
distinguish between external condensation^ in which two or more 
different molecules become Unked together, and intemai condensation^ 
in which carbon atoms in the same molecule combine, leading to 
ring formaUon. 
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The process of condensation is connected with the early history of 
organic chemistry and was the outcome of the first systematic 
attempts at organic synthesis. 

In the following pages it is intended to giye a general survey of 
the principal condensation processes. 



Vature of Condensatioii Froce—oa. The examples of condensa- 
tion (of which ring formation may be regarded as a special case) are 
BO numerous and at the same time so varied in character that it 
would be impossible within the limits of a single chapter to 
enumerate them in anything like detaiL NeverthelesSy it is possible 
to lay down certain broad generalisations under which the difierent 
reactions may be grouped. 

In the first place it will be observed that union between molecules 
or parts of a molecule is nearly always determined by unsaturation 
and by a consequent tendency for the unsaturated atoms to saturate 
themselve& On this basis condensation processes may be roughly 
divided into two groups : those in which the combining molecules 
are induced to unite by being rendered, as it were, artificially 
unsaturated as the result of withdrawing certain elements, and those 
which, being already unsaturated, combine either spontaneously or 
with the help of a reagent or catalyst. 

To the first category belong those substances which, either by the 
action of heat or oxygen, lose hydrogen, resulting in the union of 
the residual groups. The linking up of compounds by the removal 
of halogen by the aid of a metal is illustrated by the processes of 
Fittig and Wurtz in chain formation, and by that of Freund and 
Perkin in the preparation of ring structures. Condensation effected 
by the separation of halogen acid through the action of catalysts is 
represented by the Friedel-Orafts method with aluminium and ferric 
chlorides, and by that of UUmann with finely divided copper. The 
removal of carbon dioxide by heating barium or calcium salts of 
organic acids or their anhydrides and by electrolysis gives rise in 
the first case to ketones and in the second to paraffins and new 
homologous acids. 

It is, however, to the second category, namely the union of 
unsaturated compounds, that the largest number of condensation 
processes belong. They may be divided broadly into those in which 
the combining molecules are both unsaturated, as in the union of 
acetylene with itself to form benzene, and those in which one 
molecule is saturated and the other not, as in Michael's, Bef onnatsky's, 
and Orignard's reactions (pp. 184-40). 
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But the process which has afforded the most varied and extended 
application is one which, for want of a better name, may be termed 
intramdlecfdar isomeric change. In the chapter on isomeric change, 
vol. i, p. 172, the yarious types of change are enumerated and 
illustrated. These changes are brought about by the wandering of a 
hydrogen atom from one polyralent atom to another in the molecule, 
accompanied by change of linkage. Suppose a similar process to 
take place between two polyvalent atoms belonging to different 
molecules, such a reaction would bring about mutual unsaturation, 
resulting in a union between them. 

For example, the most common case of dynamic isomerism is 
the keto-enol change, which takes place when a hydrogen atom 
wanders from a carbon atom to a neighbouring oxygen atom. 

0:0. CH :;;^ HO.O:C 

Now if this change occurs between two molecules, one of which 

contains a CO group and the other a CH^ group, as in the formation 

of aldol, we have a typical example of this kind of condensation, 

O:0 + CHj -^ HO.C— OH -^ = 

a process which may or may not be followed by the removal ot 
water and the production of an unsaturated compound. 

Many examples of similar intermolecular isomeric changes occur, 
as for instance in Thorpe's reaction (p. 184), where the union of 
cyanogen derivatives with GHj groups takes place, 
NjC + CHa -^ HN:0— OH 

I ^N II 

Michael's reaction might be included in the same category, corre- 
sponding to a shifting of the hydrogen atom within the molecule of 
an unsaturated hydrocarbon radical (see vol. i, p. 177). 
CHa + OH:OH -^ CH— CH~OHa 

•Nil yN I I 

If we consider the various types of isomeric change and the large 
nimiber of compounds which they include, the wide range and 
variety of the condensation products to which the above process 
may be applied will be easily realised. At the same time it is restricted 
in its application, being dependent mainly on the vicinity of certain 
active (usually negative) groups, and, to a smaller degree, on the 
nature of the condensing agent. A paraffin, although it contains 
numerous OHg groups, does not undergo condensation of the aldol 
type with an aldehyde or ketone under any conditions. Formaldehyde, 
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the most reactive of these substances, which readily condenses with 
aromatic hydrocarbons, cannot be induced to combine with methane 
or its homologues unless a negatiye group such as CO, CN, NO3 
replaces at least one atom of hydrogen in the parafi^. The 
acetoacetic ester synthesis, in which two esters unite under the 
influence of metallic sodium or sodium ethozide, is undoubtedly an 
additive process, although resulting in the separation of a molecule 
of alcohoL It may be given the following general form : 



/OH 
-^ R.C^CHX > 



R.CO.OCjjHg + CHaX -^ ^..^^^^^~ 
' \0C2H« 

R.CO.^H.X + CgHgOH 
The X in the formula stands for an acid radical which may be not 
only an ester group, but an aldehyde, ketone, cyanogen, nitro or 
unsaturated ester or ketone group, HC : CH . CO. 

The aldol and benzoin condensations and Claisen reactions consist 
in the union of two molecules of aldehyde, frequently followed by 
the removal of water and formation of an unsaturated aldehyde, as 
already explained. 

R.0HO + CH,CO -^ RHC(OH).CH.CO -^ RHC:C.C:0 

II I I 

Here again the CO group in the CH^ . CO complex may be replaced 
by carboxyl (Perkin's reaction), carbethoxyl, and the other negative 
groups mentioned above, whilst the aldehyde may be substituted 
by a ketone (Claisen's and Enoevenagel's reactions, pp. 170, 173). 

Bing Formation. Nearly all the above reactions may become 
intramolecular if the necessary grouping is present, and in such 
cases ring formation follows. But the process in some cases is 
subject to certain limitations, which depend on the number of atoms 
composing the ring. The acetoacetic ester synthesis, for example, 
may be applied intramolecularly to adipic, pimelic, and suberic esters, 
but not to glutaric or succinic esters. 

CH2 • CH2 . COOC2H5 CH2 . CH2 

>C0 +C2H5OH 

CH.COOR 

In other words, it is possible to form a 5, 6, and 7 carbon ring, 
but not one of three or four carbon atoms. 



] ^1 > 

CH2 . CH2 . COOC2H5 CH2 . CH 



Baeyer's Strain Theory. The commonest type of cyclic com- 
pounds occurring in nature are those consisting of 6 or 6 atoms. 
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and, as a matter of experience, they are of all ring structures the 
most readily produced, and the most stable under the action of heat 
and reagents. 

An ingenious and very plausible explanation has been advanced 
by Baeyer under the name of the Strain [Spanrntfig) Theory, which 
is based upon stereochemical considerations. Supposing the four 
valencies of carbon to be directed towards the solid angles of a 
regular tetrahedron, they will make angles of 109° 2d' with one 
another. Any distortion or deviation of these valency directions 
will lead, according to the theory, to a condition of strain which will 
make itself evident by loss of stability, and the greater the strain 
the greater the instability. 

Baeyer regards an define as the first member of the cyclic series, 
in which the normal position of the two bonds uniting the carbon 
atoms is assumed to be bent so as to form straight parallel links 
between the atoms. The amount of distortion can be estimated, for 
each bond is bent inwards through half the total angle which the 
two make with one another, J (109® 280 = 54^44'; in a cyclopro- 
pane derivative, in which the carbon atoms may be supposed to 
make an equilateral triangle, the amount of displacement will be 
i(109''28^-60'0» 24''44'. The amount of deviation from the 
normal is given in the following table : 

Cyoloethane (Ethylene) | {l(^ 280 Gi^' 44' 

Cyclopropane | (109« 28^ -60") 24'' 44' 

Cyclobutane i (109*' 28^ - W) 9" 44' 

Cydopentane i {lOT 28' - 108'') 0° 44' 

Cydohexane 4 (109« 28' - 120^ - S'' 16' 

Cycloheptane \ (109° 28' - 128° 84') - 9° 88' 

Cyclooctane i (109° 28^ - 186°) - 12° 46' 

It will be seen that the condition of greatest strain will occur 
in the define, that of least strain in the cydopentanes, and then in 
the cydohexanes. In the last three the strain will be outwards 
instead of inwards. 

Stability of Bing Btr n o t nr e a , We will now consider briefly to 
what extent the experimental facts harmonise with Baeyer's theory. 
It should be stated at the outset that the theory has reference to 
cycloparaffins and their derivatives, but does not necessarily include 
aromatic compounds or heterocyclic systems, which will be considered 
separately ; for the unsaturated nature of the aromatic nucleus and 
the presence of other atoms than carbon in the ring may, and 
probably do, affect the stability of the system. No great importance 
need therefore be attached to an observation such as that of 
Markownikoff, who found that a cydopentane derivative on 
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bromination in presence of aluminium bromide is converted into 
a brominated benzene. 

At the same time it is a significant fact that among heterocycUc, 
as well as homocyclic compounds, 5 and 6 atom rings are not only 
most easily prepared, but of commonest occurrence among natural 
products derived from animal and plant organisms. Although there 
are certain facts not in harmony with the theory, which, as Aschan ^ 
says, cannot be elevated to the position of a law, like the theory of 
Van't Hoff and Le Bel, it nevertheless presents a rough picture 
of molecular mechanics, which has had the effect of stimulating 
inquiry and enriching the science with fruitful results. In studying 
the stability of the cycloparaffins and their derivatives, it is important 
to remember that this property varies with the nature of the radicals 
attached to the cyclic carbon atoms. Edtz,^ who made a careful 
study of the subject, found that the stability of the cyclopropane 
ring is diminished by the introduction of alkyl groups and increased 
by that of carbozyl, and Buchner ^ has shown ttiat the latter effect 
is further enhanced when the carboxyl groups are attached to different 
carbon atoms. For example, cyclopropane 1,1, dicarboxylic acid 
undergoes disruption in contact with hydrobromic acid in the cold, 

CH, 
/\ -^ CHaBr.CHa.OHCCOaH)^ 

Had— CCCOgH)^ 

whereas the 1 • 2 dicarboxylic acid is not affected even when boiled 
with the concentrated reagent. The effect of carboxyl on the stability 
of 3* and 4-carbon rings is, in shorty so great that frequently more 
depends on the nature and position of the radicals than on the 
number of carbon atoms in the ring.^ 

We will consider first the stability of the different cyclopara£Sns 
towards reagents, then the facility with which they are formed, and 
finally their conversion into one another. 

▲otioii of Beagents. Taking ethylene as representing the first 
member of the cyclic series, it is characterised by the ease with 
which it unites with halogens, halogen acids, strong sulphuric acid, 
and undergoes oxidation with permanganate. These properties, 
which are manifested in the hydrocarbon itself, may be modified to 
a greater or less extent> as we have seen (p. 53), in certain of its 

1 Chemie der dUqfklisehm VwbindHngm, by 0. Aschan. Yieweg, Brunswick. 
1906. 

• J, prakL Ckem., 1908, 68, 166. * AnnaXm, 1896, 284, 198. 

* Perkin and Simonsen, Trane, Chem, Soc, 1907, 91, 817. 
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derivatives. Cyclopropane combines with bromine in sunlight, 
though not so readily as benzene, to form trimethylene bromide ; 
it unites quite readily with hydrobromic and hydriodic acids, giving 
normal propyl bromide and iodide, and with sulphuric acid, forming 
propyl hydrogen sulphate, which on heating with water is converted 
into n-propyl alcohol. In all these reactions it resembles ethylene, 
but differs in its indifference towards permanganate, which is without 
action. Cyclopropane is decomposed above 560^ (or, as Ipatiew^ 
found, at 100° by passing it through a tube filled with iron filings) 
and gives propylene. Dimethylcyclopropane is completely converted 
into trimethylethylene when passed over alumina at 850^ 

/CHg 
I -* (CHjJj.OrCH.CHg 

Cydobutane is inert towards halogens, halogen acids, sulphuric 
acid, and permanganate, and is unaffected by heat. Cydobutanol is, 
however, converted by hydrobromic acid into 1 . 8 dibromobutane,' 
HaC CHj HjC OH, CH^Br CH, 

Q - Q - 1 I 

H,0 CHOH Hjd CHBr CH, OHBr 

and truzillio acid breaks up on heating into two molecules of 
cinnamic acid : 

C,H,OH— CH.COOH C,H,OH : OH . OOOH 

C,H5CH-0H.COOH "* ©.HjCH : CH . OOOH 

Truxillic acid. Ginnamio add. 

but in these cases the stability of the ring is modified by the presence 
of radicals. 

In cydopentane and cyclohezane and their derivatives ring 
cleavage is never effected by any of the reagents mentioned above, 
unless the ring is already weakened by the attachment of oxygen to 
carbon in the form of ketone groups. 

Increasing stability of the ring up to five and six atoms of carbon 
is also proved by the heat of combustion, which is discussed at greater 
length in a later chapter (p. 824). It is there shown that the heat of 
combustion decreases from ethylene to cydohexane, indicating in- 
creasing stability or decreasing eneigy content. Stohmann and 
Elleber compared the mean difference between the heats of com- 
bustion of the cydoparafilns and the parafi^s, allowing for the two 



1 B0r.j 1902, 86, 1068 ; 1908, 86, 2014. 
* Perkin, Trans. CHmi. Soc, 189i, 66, 961. 
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additional hydrogen atoms in the open-chain compound, the results 
of which are given in calories in column I, whilst the mean loss of 
energy is given in column II. 

I II 
cals. cals. 

Cyoloethane (ethylene) 88.1 36.9 

Cyclopropane 87.1 81.9 

Cyclobutane 89-9 29.1 

C^elopentane 16-1 62.9 

Gyclohexane 14*8 64.7 

Svidenoe of Bing Formation. It is well known that certain 
general reactions which lead to the formation of 6 and 6 atom rings 
fail when it is attempted to produce smaller or larger ring structures. 
The acetoacetic ester synthesis when applied to glutaric ester is a ease 
in point (p. 158). Similarly calcium adipate, pimelate, and suberate 
yield respectively cydopentanone, cyclohexanone, and cycloheptanone 
(p. 182)y whereas calcium succinate gives in place of cyclopropanone 
a cyclic diketone of the double formula ^ 

OHa.CO.OHa 

CHj.CO.OH, 

Perkin ' found, from his method of using sodium malonic ester and 
a dibromoparaffin in ring formation (p. 124), that whilst the 5-carbon 
ring is produced almost quantitatively, the 4-carbon ring is found 
in smaller quantity and a still smaller yield of the 8-carbon ring is 
obtained. The 6-carbon ring also gave a poorer yield than the 
5-carbon ring, whilst the 7-carbon ring was prepared under con- 
siderable difficulty. 

Another interesting fact of the same order is the action of zinc on 
a^8-tribromobutane dicarboxylic acid, which might form either 
a cyclopropane or cyclobutane derivative.' It is exclusively the 
second reaction which occurs. 

GRJBt OH3 

COOH . CBr/vCHBr . OOOH OOOH . OBr<^)OH . OOOH 

OH, OHj 

Tnaffovmation of Sing Vystema. One of the most interesting 
features of this problem is the evidence of stability furnished by the 
change of one ring system into another. 

The work of Zincke and Hantzsoh on the action of chlorine in 

« Feist, Ber., 1896, 38, 781. * Ber,, 1902, 85, 2106. 

* Perkin and Simonsen, Trans, Chenu <8oc., 1909, 96, 1169. 
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alkaline Bolntion on the phenols and other aromatic compounds has 
afforded numerous examples of the change of a 6-oarbon ring into 
a 6-carbon ring. We may take the case of ordinary phenol which 
passes into a derivative of cydopentane. 
0{0H) 

Hq^^\jH a,q — ^oh) . cooH 





(OHXl JOHg 



Most of the other phenols behave in a similar fashion.^ Wreden 
found that when benzene is reduced with hydriodic acid at SOO^, it 
yields a hydrocarbon C^Higy which was first mistaken for cyclo- 
hezane, but its low boiling-point (70°) and its conyersion into 
a mixture of glutario, succinic, and acetic acids on oxidation leffc no 
doubt as to its identity with methylcyclopentane. Zelinsky also 
found that cyclohexanol, on reduction with hydriodic acid, gives 
a mixture of cydohexane and methylcyclopentane. Aschan has 
since shown that cydohexane changes to methylcyclopentane on 
simply heating in a closed tube with or without aluminium chloride. 
A reaction of the same kind is the conversion of suberyl iodide with 
hydriodic acid into methylcydohexane and dimethylcydopentane. 
Cydobutylcarbinol and hydrogen bromide give cyclopentyl bromide. 

H^G |0H . OHaOH HjCj JOH3 

Had loHj "^^^^ HaciJcH,Br 

CI12 

Gyolobutylcarbinol. Cyclopentyl bromide. 

In all these cases it may be taken that there is a change from the 
less to the more stable ring system. 

Examples of the conversion of a 4-carbon ring to a 5-carbon ring 
are also furnished by pinene, which with hydrogen chloride passes 
readily into bornyl chloride, that is, from a bridged ring of 4 carbon 
atoms to one of 6 (see vol. i, p. 499). 

One curious anomaly must be recorded. Demjanow' found that 
by the action of nitrous acid, cydobutylmethylamine is converted 
into cyclopentanol and by loss of water into cydopentene. This 
reaction is, however, capable of converting a more stable into a less 
stable system ; for when cydobutylamine is acted upon with nitrous 
add, it yidds a mixture of cyclobutanol and cydopropylcarbinoL 

^ Heyer-Jaoobson, Lehrbueh der organiachen OtemUf voL ii, part i, p. 82. 
* Chem. ZmtraM., 1904. 1, 1214. 
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HaQ 



CH.NHa HjCv CHjOH 



H2O CHa HjC— ^H 

Cyclopentylmethylamine gives with the same reagent cydohezyl 
alcohol and cyclohezylmethylamine is converted into suberyl alcohol. 
Wallach ^ explains the latter reactions by assuming the formation 
of an intermediate labile double-ring structure, which undergoes 
hydrolysis. 

CHj — CHgv CHj — OH2V riTT 

I >CH.CHaNH2 -* I X^ +TS^ 

OH,— CHj/ CHj-OH ^--^3Ha 

H,0 OHa CHa — OHj 

"* CHa.CH(OH).CH, 

In concluding this account of the conditions which determine 
the formation of the cycloparaffins, a description of the preparation 
of some of the simpler members of the group is appended. 

The preparation of cyclopropane is described under Perkin's 
method (p. 124), and was first obtained by Preund. Like propane it 
is a gas. Methylcyclobutanewas prepared by Perkin by the method 
above referred to ; cyclobutane itself was obtained by Willstfttter ' by 
a method which he has successfully applied to the preparation of 
other cycloparafSns and which reqiiires a little explanation. Tetra- 
methylenecarboxylic acid, obtained from the dicarboxylic acid (pre- 
pared by Perkin), by heating is converted into the amide, which by 
Hofmann's reaction is transformed into the amine. Prom this, on 
methylation, cyclobutyltetramethylanunonium hydroxide is formed, 
which on distillation loses trimethylamine and water and yields 
cyclobutena The latter is finally reduced by the Sabatier-Senderens 
process (p. 98). 

CH3— OH . CO . NHa CHa— CH . NH^ 

CHj— CHj "^ OH,— CHa "^ 

CHa-CH • N(0H3)80H CHa-CH 

II -^ i II +HaO + N(CH3)3 

CHa-^CHa CHa— CH 

Cydobutene. 

Cydopentane was first prepared by Wislicenus firom cyclo- 

pentanone by reduction (p. 182). Cyclohexane was obtained in the 

same way from cyclohexanone by Zelinsky,' from cydohexadione 

by Baeyer (p. 157X and by Perkin from hexamethylenedibromide 

> AnnaXen, 1907, 863, 881. ' Bcr., 1905, 88, 1992. 

s Bor., 1895, 28, 780 ; 1901, 84, 2799. 



Digitized by 



Google 



118 CHAIN AND RING FORMATION 

(p. 121). It has also been obtained by the direct redaction of 
benzene (p. 97). 

Gycloheptane has been prepared by Harkownikow ^ from suberic 
acid by Wislicenus' method, that is, by conrersion into the ketone and 
reduction in the same manner as cydopentane (p. 182). It has also 
been prepared from the ketone by conyersion into the oxime and 
reduction to the amine by Willstfttter,' who used the method applied 
in the case of cyclobutane. 

OHa.CHa. CO CH, . CH,.C:NOH CHa . CH, . CH . NH^ 

ie.^ k -I Ah. 

CHa . CHa— CHa CHj— CH, . CHj CHj— CHg— CHa 

Cyelo-octane has also been prepared by WiUst&tter' and Veraguth 
from pseudopelletierine by exhaustive methylation. Pseudopelle- 
tierine is an alkaloid found in pomegranate and is related to tropinone 
(vol. i, p. 574). On reduction it yields N-methyl granatinine. 

CHa~~ CH— — CHa Cxia—" 'C H CHa 

CH, NOH, CO -► CH, NCHj CHj 

CHa— CH OHg CHj— CH CHj 

Paendopelletierine. N-m.thyl gntnatinine. 

On methylation the bridge is broken and the following substance 
is fonned, which on distillation loaee water and trimethylamine and 
give* H-cydoKMitadiene. 

N(CH8)30H 

CH,-CH-OHg OH,— CH=»CH 

Till 

CHa GHa "^ CHa CHa 

OH,-CH=OH CH,-CH=CH 

Gyclo-oetadiene. 
This compound rapidly polymerises, but if converted into the di- 
hydrobromide and hydrobromic acid removed with quinoline, a second 
more stable )3-cyclo-octadiene is formed, which on reduction by 
the Sabatier-Senderens method gives cyelo-octane. Cyclononane 
has been prepared by Zelinsky * by Wislicenus' method from sebacic 
acid by distillation of the calcium salt and conversion into the cyclic 
ketone. 

* J. Rusa. phy$. Oiem, Soc,, 1898, 26, 864. < Ber,, 1908, 41, li& 

» Ber., 1907, 40, 967. « Bw., 1907, 40, 8277. 
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The following are the boiling points of the cyoloparaffins and the 
corresponding olefines and paraffins : 



Namber of 
carbon atoms. 


Oleane. 


ParaiBn. 


Cydo- 
paraffln. 


8 


-48« 


-86° 


-46° 


4 


-6« 


+ 12° 


+ 1° 


6 


+ 40« 


49° 


86° 


6 


69^ 


81^ 


69° 


7 


96° 


117° 


98° 


8 


122^ 


U6° 


136° 


9 




171° 


160° 



Bbfebbnos. 

Chemie d$r aliqfklischm V«rbinduin(/en, by 0. Asehan. Yieweg, Bnmswiok, 1905. 

Group 1. Condensatum by separation of Elements. 

Removal of Kydrogen. Under the action of beat and certain 
reagents condensation may take place with loss of hydrogen. 
Benzene passed through a hot tube is converted into diphenyl. 
2CeHe-CeH6.CeH6 + H2. 

Diphenylmethane yields fluorene, and stilbene is converted into 
phenanthrene, Isobutylene when heated with strong sulphuric acid 
yields a mixture of isomeric diisobutylenes ; but this reaction is 
no doubt brought about by the alternate addition and removal of 
sulphuric acid rather than by the direct elimination of hydrogen.^ 



(CHa),© : OHa + H2SO4 - (OHj), 



\SO4B 



(0H8)jC : CH . C(OH8)3 + H^SO^ 



(CH3),0:CH2+(CHs),0< ' . 

Hydrogen may also be removed and condensation induced by the 
action of oxidising agents. An illustration of the process is afforded 
by the linking of two indoxyl (thioindoxyl or bromindoxyl) groups 
in alkaline solution in presence of atmospheric oxygen, to form 
indigo and its derivatives, 



CO CO CO 

CeH4/^CHa+H2C<f]>CeH4 -> CeH^^ 

Indoxyl. Indigo. 






CO 00 

NH NH 



,H4 



ButleroWi AnnaUn,' 1877, 189, 66. 
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The use of oxidising agents is usually more effectiye. Dimethyl- 
aniline, for example, when oxidised with sulphuric acid and lead 
peroxide is converted into tetramethyldiaminodiphenyl and the 
formation "of magenta firom a mixture of o- and j>-toluidine and 
aniline may be cited as a similar case of condensation. 

BemoTAl of Kalogeiui. It was in the pursuit of the free radicals 
that Frankland first used potassium and the alkyl cyanides, which 
in 1849 he replaced by zinc and the alkyl iodides (vol. i, p. 86).^ 
This inquiry resulted in two discoveries of the highest importance — 
the synthesis of the parafi&ns and the production of the first organo- 
metallio compounds. The method devised by Frankland of using 
a metal to remove the halogen from an organic halogen compound, so 
as to effect a union between the residual parts of the molecules, has 
undergone a wide extension. 

The Kethod of Wurte. In 1855 Wurtz* introduced sodium in 
place of zinc for preparing different paraffins from the alkyl iodides, 
as, for example, butane from ethyl iodide^ 

2C2H5I + 2Na « C4H10 + 2NaI 
and the same method was applied by Fittig* in 1868 to the prepara- 
tion of the homologues of benzene : 

CeHgBr + CHsI + 2Na « CeHg . CH3 + NaBr + Nal 
Bromobenzene. Toluene. 

In 1868 Wislicenus * employed finely divided metallic silver in 
the synthesis of dibasic from monobasic acids. 

CH2.CHa.COOH 
2CH2l.CH2.COOH + 2Ag= I +2AgI 

OHa.CHj.OOOH 

/3-Iodopropionio acid. Adiplo aoid. 

Finely divided copper, although occasionally used in place of silver, 
has only received extended application as a condensing agent in 
recent years" (see p. 181). 

The formation of benzoic ester by Wurtz from bromobenzene, 
chloroformic ester, and sodium, 

OeHgBr + ClCOOCaH^ + 2Na « CeHgCOOCaHg + NaBr + NaCl 
and that of sodium benzoate from bromobenzene, carbon dioxide, and 
sodium by Eekul^ * are merely modifications of the same process : 
CeH^Br + COg + 2Na = CeHgCOONa + NaBr 

^ Phil Tran8.j 1862, 142, 417 ; Annalen, 1858, 86, 829. 
• Annakn, 1856, 96, 865. > AnnaUn, 1868, 181| 804. 

« Annalen, 1868, 140, 221 ; Bar., 1869, 2, 720. 

B Ullmann, Ber,, 1903, 36, 2888; 1904, 87, 868 ; Annalm, 1904, 882, BS; Ber., 
1905, 38, 729, 2120, 2211. « Afinalm, 1866, 187, 180. 
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The same principle has been applied by Freund ' to the production 
of ring compounds by internal condensation in the synthesis of 
cyclopropane &om trimethylene bromide and sodium or zinc, 

CHjBr OHj 

<5h, +Na8-<5H, +2NaBr 

\ \ 

CHjBr CHj 

and by Perkin, jun^' and his collaborators in the synthesis of methyl 
cydobutane from 1 . 4 dibrcnnopentane, 

CHg— OHBr.CHg CH,— CH.CHs 

I +Na,-| I -i-2NaBr 

OHg— OHjBr OHa— CHj 

and oydohezane from hexamethylene dibromide, 



CHg— OH^-CHgBr OH.— OH.— CH. 

+ Na,- I I +2NaBr 

H,— CHj— CHgBr CHf-CHf-CH, 



i 



Bemoval of Bodiiim hj Salogeiis and Salogen Compounds. 
Tlie Xethod of WislioMiiur. The discovery of a series of organic 
compounds of the nature of 1 . 8 diketones, such as acetylacetone, 
acetoacetic ester, malonic ester, acetone dicarbozylic ester, and 
similarly constituted compounds, such as cyanacetic ester, benzyl 
cyanide, desoxybenzoin, &c., which form sodium compounds by the 
replacement of hydrogen by sodium, gave a new impulse to the study 
of organic synthesis. The further discovery by Conrad * that in the 
preparation of the sodium compounds metallic sodium or dry sodium 
ethozide could be replaced by an alcoholic solution of sodium 
ethozide added greatly to the convenience of the method. We are 
not concerned for the moment either with the structure of the 
sodium compounds, which has been discussed under tautomerism 
(vol i, p. 178), or with the mechanism of the formation of the com- 
pounds themselves, which finds a place under the acetoacetic ester 
synthesis (p. 152). Our attention at present will be directed to the 
description of a few of the more important synthetic operations in 
which the sodium compounds have been utilised. 

Before doing so, it will dear the ground in connection with this 
and many other reactions to be subsequently described, if the condi- 
tions which determine the mobility of a hydrogen atom in a hydro- 

> Monaish,, 1882, 8, 626. 

s Trans. Chem. Soe,, 1888, 68, 201 ; 1894, 66, 699. 

* AnruUen, 1880, 840, 127. 
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carbon (GH2) group are more oarefully defined. As a rule the 
proximity of a negative group produces this effect ; but in a varying 
degree, depending partly on the strength of the negative group, partly 
on that of the metal or metallic compound used. Acetone, in which 
one CO group is present, does not react with sodium ethozide, though 
it forms a sodium compound with metallic sodium. A phenyl 
group enhances the mobility and acetophenone C^K^ • CO. CHg is 
more reactive, but here again sodium ethoxide is without action. If, 
however, sodamide be substituted and the product acted on with an 
alkyl iodide, the three hydrogen atoms of the methyl group may be 
replaced successively by alkyl groups.^ The presence of a phenyl, 
cyanogen, carbethoxyl, or an ethylene group produces much the 
same effect as a carboxyl group. A nitro group may, on the other 
hand, determine the formation of a sodium compound. In all these 
cases the presence of a second negative group will produce the 
required mobility of the hydrogen atom, which seems necessary to 
produce a sodium compound. Consequently, reactivity is manifested 
(1) by the 1 . 8 diketones with the group CO . CH^ . CO, which includes 
esters like malonic ester, (2) by compounds with the group 
CO . CH2 • CN, such as cyanacetic ester, (8) by those with the group 
CO . CH] . C^Hg, like phenylacetic ester and desoxybenzoin, (4) by 
substances such as CeHg . CH2 . CN, and (6) finally by compounds 
which contain an ethylene linkage CO. CHj. CH:CH, such as 
glutaconic ester CJElfiOC . CH^ . CH : CH . COOC^Hs, which can be 
methylated by the action of sodium ethoxide and methyl iodide, 
yielding a mono* and dimethyl derivative.' 

We will now turn to the various reactions in which the formation 
of a metallic derivative enables the above group of compounds to 
participate. If to an alcoholic solution of these compounds contain- 
iug the equivalent of one atom of sodium, an alkyl iodide is added 
and the liquid boiled until neutral, sodium iodide separates and the 
alkyl derivative is formed. The process may usually be repeated by 
adding a second atomic equivalent of sodium in alcohol and a second 
molecule of alkyl iodide^ when the dialkyl derivative is obtained. 
If these sodium compounds possess, as they admittedly do, the 
enolic structure, the action of the alkyl iodide must be represented 
by some such general schemes as the following^ in which addition 
precedes substitution (see p. 61).* 

1 Haller and Bauer, Ccmpt rmd,, 1909, 148, 70. 

• Henrioh, Ber., 1898, 81, 2108. 

* Michael, J. prakt ChmtL. 1892, 46, 19i ; 1899, 60, 816 ; AmuOen, 1891, 866, 
67, 118 ; 1898, 870, 880 ; Thorpe, Trmu, Chm. Soc, 1900, 77, 928. 
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— C(ONa)-CH— = — OO.OHR— +NaI 

• + 

I B 

and — C(ONa) = CR— = — CO.CEj— + NaI 

I B 

It will be Been that the negative iodine unites with the poaitiye 
Bodium and the positive radical with the carbon which forms part 
of a negative group.* It should be noted in passing that by substi- 
tuting pyridine for sodium ethoxide as condensing agent, the alkyl 
attaches itself to the oxygen and the isomeric enolic form is produced. 

The use of these methods for synthesising acids and ketones from 
acetoaoetic ester, and acids from malonic and cyanaoetic ester, belongs 
to the elementary facts of organic chemistry and need not be dis- 
cussed in detail 

If, in place of an alkyl iodide, iodine is added to the alcoholic 
solution of the sodium compounds, polybasic acids may be obtained 
from acetoacetic ester and malonic ester as follows : ' 

2CH3 . CO . CHa . COOC2H5 + 2CjH«0Na + 1, 

Aoetoaoetio ester. 

OH8.OO.CH.COOC2H5 



I +2NaI + 2C2H60H 

CH.< 



CH3.CO.CH.COOC2H5 

Diaoetosaocinic ester. 

2CH2(COOC2H5)2 + 2C2H50Na + Ig 
Malonio ester. 

OHCCOOCaHfi)^ 
« I +2NaI + 2CaH50H 

CHCCOOCaH^), 
Ethane tetracarbozylio ester. 

This method ' has been used in the preparation of a cyclohezane 
derivative by acting upon the disodium compound of acetone dicar- 
bozylic ester with iodine. 

2C2H5OOC . CHNa . CO . CHNa . COOCgHg + 21, + ^CgHgONa 

CjHfiOOC.CHCO 

= C2H5OOC . so/ SCH . COOCaHg 



IC<^ ^CH.COOCal 
CO^.COOCaHfl 



Again, if a halogen derivative of a fatty ester like chloraoetic ester 

1 This view is embodied in Michael's * poeitiye-negatiye ' theory (see p. 61). 
* Harrow, AwmOmj 1880, 201, 142 ; BiseholT and Bach, Ber., 188i, 17, 2781. 
s ▼. Peohmann, Bw., 1897, 80, 2669. 
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124 CHAIN AND BING FORMATION 

is allowed to interact, a Yariet7 of polybasio acids may be prepared, 
which the following examples will senre to illustrate : ' 

CHsOOOHjCOOOjHj CHsCOCHCOOCjHs 

+ Na00jH5- +NaCl + C2HjOH 

+ 01CHjC00CaH5 CHjCX)OCjHa 

Acetosuocinic ester. 

CHjCCOOCaHg), CHCCOOCgHg)^ 

+ NaOCaHfi - I + NaOl + CjH.OH 

+ ClCHaCOOCaHg CHaCOOCaHg 

Ethenyl tricarboxylic ester. 

Chloroformic ester is an exception to the general rule in producing 
mainly the enolic ester, 

^OCO.OCaHfi 



"=»•<« 



3H.COOC2H5 

Cyanacetic ester behaves in precisely the same way as malonic ester. 
To take one example, symmetrical dimethylsuccinic ester has been 
prepared as follows : ' 

By the combined action of cyanacetic ester, a-bromopropionic ester, 
and sodium ethoxide, cyanomethyl succinic ester is first obtained. 

CN CH3 CN CH3 

CHa +BrOH +NaOC2H5«CH CH +NaBr + CaH60H 

COOC2H5 COOC2H5 COOCaHg COOCjHj 

The substance is then boiled up with methyl iodide and sodium 
ethoxide, when the following change occurs : 
CN CH3 CH3 CH3 

CH CH +CH3l + Na002H5-(CN)C CH +NaI + 0aH50H 

COOCjHg COOC2H5 CaHgOOC COOC2H5 

Finally, the product is hydrolysed with hydrochloric acid, whereby 
the cyanogen group is conyerted into carboxyl and removed as carbon 
dioxide, yielding symmetrical dimethylsuccinic acid. 

The Ssrnthesis of Cyclic Compounds (Ferkin's Method). The 

formation of sodium compounds of 1 . 3 diketones, more especially 
of malonic and aoetoacetio ester, has found a further important 
application in the production of cyclic compounds.' The subject 
can only be briefly outlined. 

^ Blschoff and Bach, Annalm, 1882, 214, 88 ; 1886, 284, 86 ; Conrad, Annalen, 
1877, 188, 21a 
' Bone and Sprankling, Tram. Chem. Soc, 1899, 75, 8S9. 
» W. H. Perkin, jun., Ber., 1902, 86, 2091. 



Digitized by 



Google 
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Ethylene bromide and sodium malonio ester give cyclopropane 
dicarbozylio ester. 

CHjBr yCOOCjHj 

I +CHj< +2NaOCjH5 

CHjBr ^OOOCjHj 



= I yCK +2NaBr + 2C2H50H 

CB/ XIOOC2H5 

The product when hydrolysed gives the dibasic acid, and, on 
heating, the corresponding monobasic acid. 

In a precisely similar fiashion trimethylene bromide, pentamethy- 
lene bromide, and o-xylylene bromide have been converted into cyclic 
compounds having the following structure : 

CHy^C(C00CjH5), CHj/~Nc(C00C^8)a 

CHj H2C CHj 

CH, 

C6H4<^C00C8H^, 
CHj 
From each of these the corresponding di- and mono-basic adds 
have been prepared. 

Cyclic formation may also be effected in the following way: 
ethylene chloride, malonic ester, and sodium ethoxide yield, in 
addition to the cyclopropane compound already described, an open- 
chain ester. 

CHjCl CHj(C00C,H5), CHj.CH(C00C,H4)j 

I + +2NaOCaHj-| +2NaCl 

CHjCl CHj(C00CjH5)j CHj.CH{COOCjHj)i, 

If this butane tetracarbozylic ester is converted into the disodium 
compound and then treated with bromine or iodine, ring formation 
occurs. 

CHj.CNaCCOOCjHj), CHj— CCCOOCjHs), 

I +Br,-I 1 +2NaBr 

CHj.CNaCCOOCjHj)^ CHj— C(COOCjHj), 

In place of ethylene chloride trimethylene bromide may be used 
when cyolopentane tetracarbozylic ester is formed. 

X!Ha.CH(CO00jHj), >OHj— qCOOCaHs), 

cm, -♦ <^ I 

XIHj . CH(000C^j)2 NjHa— C(COOCjH5)8 
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126 CHAIN AND RING FORMATION 

Furthermore, by introducing methylene iodide in place of iodine 
in the last reaction, a cyclohexane deriyative is obtained. 

yCH^ . CNaCCOOCgHg)^ XHa— OCCOOCaH^)^ 

CHj +CHal2-CH8 SoH, +2NaI 

\CH2 . ONaCCOOOiHg)^ \jHa— CCCOOCaHs)^ 

Each of these tetracarboxylic esters may be converted into dicarb- 
ozylic acids by the usual process of hydrolysis and heating. 

The above series of reactions when applied to acetoaoetic ester, 
benzoylacetic ester, or acetone dicarboxylic ester gives a somewhat 
different result 

Ethylene bromide, acetoacetic ester, and sodium ethoxide 3rield 
not only acetylcyclopropane carboxylic ester, in which the action 
proceeds normally as in the case of malonic ester, but the enolic 
form of acetoacetic ester also comes into play, giving an inner ether, 
methyldehydropentone carboxylic ester. 

OH-v yOO . CH3 OHo— O— • OH3 

I >C< I II 

CHj/ \OOOO2H5 OH2 C.COOCaHe 

▲oetylcydopropane Methyldehydropentone 

carbo]^lio ester. carboxylic ester. 

In the case of trimethylene bromide, the second reaction proceeds 

to the complete exclusion of the first On hydrolysis of the above 

esters, the acid, which is formed, loses carbon dioxide on heating and 

gives the following products : 

OH2V OHj— O— C.OHg 



A> 



H.CO.CH3 I 



-CH 



Beuoral of Sydrogen Chloride. Many halogen compounds 
condense directly with other organic compounds on heating, with 
the elimination of hydrogen chloride. Benzyl cyanide and fluorene 
unite in this way with benzophenone dichloride : 



4L ^*l5 OgXl/ ^6**-5 



CeH4 

CeH, 
Oarbonyl chloride oombineB with dimethylaniline^ 






0001, + 2C,H^(OH3), - C0< + 2H01 
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and benzotriohlocide forms a derivative of iriphenylmethane with 
phenola. 

><3eH,0H 
CeHgCClj + 2CeH60H - ClcAjflH^OH + 2HC1 



Btfmer-nanuum BeMtion.^ In this reaction chloroform and 
carbon tetrachloride unite with phenols in presence of caustic soda 
solution or sodium ethoxide, giving hydroxyaldehydes in the first 
case and hydroxy acids in the second. 

With ordinary phenol a mixture of o- and jp-hydroxybenzaldehyde 
are formed 

X)Na 
CeHftOH + CHOla + 4NaOH « OeH^/ + 8Na01 + SHgO 

XIHO 

With ordinary phenol and carbon tetrachloride, the |)-compound 
is the main product. 

yOH 

CflHaOH + OOI4 + 6NaOH - CeH^^ + 4NaCl + SHgO 

NX)ONa 

The Fried^Ufarafta Beaetion. The reaction, discovered in 1877 
by Friedel and Crafts,* in which anhydrous aluminium or ferric 
chloride are the active agents, has had an extraordinarily wide and 
varied application in organic S3mthe6ia It is connected more 
particularly with the union of aromatic hydrocarbons and their 
derivatives with a variety of other organic compounds, such as alkyl 
halides, acid chlorides, &c. Hydroxyl and amino groups, if present 
in the nucleus, must be protected by converting the former into an 
ether and the latter into an acetyl derivative. Nitro compounds do 
not react. 

Eydrocarhons can be obtained by combining an alkyl halide, e. g. 
methyl chloride, with benzene in presence of anhydrous aluminium 
chloride, when a vigorous evolution of hydrogen chloride occurs and 
toluene is formed. 

CeHe + OHjClC + Aldj] « CeH^ . CHj + HCl 

Ketones can be prepared in the same way by using an aromatic 
hydrocarbon and an acid chloride. Benzene and acetyl chloride give 
acetophenone. 

CeHe + CH3 . C0C1[ + AICI3] = OJB.^ . CO . CHa + HCl 

According to Y. Meyer' a second acetyl group can only be intro- 

> Bar., 1876, 0, 1285. 

' Oompt, mid., 1877, 84, 1892 ; Ann. Ckim. PM-> 1884, (6), 1, 506. 

• Ber^ 1896, 29, 847, 1418, 8568. 
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128 CHAIN AND EING FORMATION 

duoed if both lie between two ortho methyl groups as in mesitylene. 
If, in place of acetyl chloride, chloraoetyl chloride is substituted, 
a third radical is readily introduced^ 

Carbonyl chloride and benzene react in a similar manner. 
2CflHe + (XXJlJi + AlCla] = OeH^ , 00 . C^H^ + 2HC1 

Aldehydes have been obtained by uniting an aromatic hydrocarbon 
with a mixture of carbon monoxide and hydrogen chloride in 
presence of dry cuprous chloride and aluminium chloride.* 

p-Tolylaldehyde has been prepared from toluene. 



'^Co- 



CeHfi • CH3 + HCl . CO « CeH4<Q + HCl 

A better method was subsequently found for obtaining the alde- 
hydes of phenols and phenol ethers by the use of the compound of 
hydrogen chloride and hydrogen cyanide. HON. HCl is prepared 
m sUu by passing the mixed gases into the phenol ether and 
aluminium chloride. The imino-compound, which is formed, is 
acidified with hydrochloric acid and distilled in steam, when the 
aldehyde passes oyer. 

CeH50CH3 + ClCH:NH[ + AlCl8] = CeH4<' ^ +HC1 

\CH:NH 

.OCH3 X^CHa 

CeH4< + H2O = CeHZ + NHj 

XJHrNH XIHO 

Aldoximes are obtained by combining chloroformaldoxime with 
phenols' or aromatic hydrocarbons with mercury fulminate,^ the 
first reaction taking place as follows : 

/OH 
CeHjOH + CICH : NOH - OeH^^ + HCl 

\CH:NOH 

and the second, in presence of a little aluminium hydrate, according 
to the following equation, which giyes a yield of seyenty per cent, 
of syn-aldoxime : 

CeHe + C : NOH = CeH^CH : NOH 

From both compounds aldehydes are readily obtained by 
hydrolysis. 

Acids can be prepared either by the action of carbonyl chloride in 

Ber., 1901, 84, ISSe. 
s Gattermann and Kooh, Ber,, 1897, 80, 1622 ; AnntOm, 1906, 847, 847 ; 1907, 
857, 8ia 
• SchoU, Ser., 1901, 84, 1441. 
« SchoU, Bar., 1899, 82, 8498 ; 1908, 86, 10, 822. 
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THE FRIEDEL-CRAFTS REACTION 129 

the proportion required to give the acid chloride, which is then 
hydrolysed, 

CeHe + COCljC + AlCaa] -* OeH^OOCl -•» CeHaCOOH 

or by the action of chloroformamidey which is obtained by heating 
cyanuric acid in a current of hydrogen chloride, the vapours being 
then passed directly into the hydrocarbon containing aluminium 
chloride. The amide of the acid is finaUy hydrolysed. 

CeHe + ClCONHj[ + AICI3] - CeH^CONHa + HCl 

Yorlftnder ' has succeeded in condensing benzene with cyanogen, 

CeHe + (CN)a - CeH.qCN) : NH 

which yields benzoyl cyanide on hydrolysis. 

Aluminium chloride has also been used by Kipping* for effecting 
internal condensation in the case of phenylpropionyl chloride and 
phenylyaleryl chloride, in which ring formation occurs, the first 
giving rise to hydrindone, and the second to benzocydo-heptanone.' 

OH2 

CeHfi.CHj.CHa.COOl -^ CeH^/NcHj 

CHa C Hfl 
OeHe.CHg.CHa.CHj.CHj.OOOl -^ CeH4< ^ ^ CH, 

ccrdka 

Combes,^ by acting on butyryl chloride with aluminium chloride, 
obtained a cyclohezane derivative. 

CO CH.CaHfi 
8C3H,00C1 -. C,H,.HC<^CO 

CUnOH.CjHg 

In most of the foregoing reactions a halogen compound is used in 
conjunction with the hydrocarbon, and hydrogen chloride is evolved. 
But aluminium chloride can also act as a condensing agent by virtue 
of its dehydrating action, and in other waya Thus, phthalic 
anhydride and benzene condense to o-benzoylbenzoic acid :" 

yCOv yCOOH 

> Bit., 1911, 44, 2455. * TroM. Chem. Boe., 1894, 65, 484. 

* Kipping and Hall, Proe. Omi. 8oe., 1899, 15, 178. 

* Compt. rmUL, 1894, US, 1886. • Heller and SohOlke, £er., 1908, 41, 8627. 
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Phenylcarbimide combines to form benzanilide, 

CeHe + CO : NCeH^[ + AICI3] - OeH^ . CO . NH . CeHj 
and sulphur dioxide produces benzene sulphinic acid. 
CeHe + SO j; + AlCla] - CeHg . SOgH 
Reactions similar to the above can also be carried out with an- 
hydrous ferric chloride, and in some cases, as in the union of benzene 
with benzyl chloride, a minute quantity of zinc or copper in powder, 
or the aluminium-mercury couple, will effect condensation. 

CeHe + ClCHj . CeHg - CeH^ . CH^ . CgHe + HCl 

Diphenylmethane. 

It should be pointed out that the aluminium chloride occasionally 
reverses the process of condensation, for Jacobsen^ has shown that if 
hexamethylbenzene, to which a small quantity of aluminium chloride 
is added, is heated in a current of hydrogen chloride, methyl groups 
are successively detached, with the formation of penta-, tetra-, &o., 
methylbenzenes, and, finally, benzene. Another interesting fact 
connected with the reaction is the transference of methyl groups 
from one hydrocarbon to another under the influence of this reagent. 
AnschUtz and Immendorff ' obtained from toluene both benzene and 
«»-andi9-xylene. 

Various theories have been advanced to explain these curious 
changes. Friedel and Crafts assumed the formation of an intermediate 
compound, CeHg.AlaCle, which unites with the alkyl halide, 
regenerating fduminium chloride. 

CeHfiAljClfi + CaHga - CeHg . C2H5 -I- Aljde 

This would represent the chloride as a true catalyst, in which 
a small quantity would be sufficient to bring about the union of an 
indefinite amount of the reacting materials. In practice, this is not 
usually the case^ for it is found that the amount of product increases 
approximately with the quantity of reagent. As Steele ' has pointed 
out, this &ct does not necessarily preclude the action of the 
aluminium chloride as a catalyst, provided it can be shown that it 
forms a stable compound with the product The observations of 
Gustavson * and others seem to point in this direction. 

Gustavson' has isolated a number of definite compounds of 
aluminium chloride and hydrocarbon, and aluminium chloride, alkyl 
halide and hydrocarbon (possessing such formulae as Al^Cle . 6GeHe, 

1 Bar., 1885, 18, 889. > Ber., 1885, 18, 657. 

• Trans. Chem. Soc, 1908, 88, 1490. 

* (XmpL rmd., 1908, 186, 1065; 1905, UO, 940; J. W. Walker and Spenoer, 
Trans. CKm. Soc, 1904, 85, 1106. 

» J8^., 1878, 11, 2151. 
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and with ethyl chloride AlaCle • CeHaCCaHiJa . 6CeHe), which appear to 
act as catalysts. From a dynamical study of the reaction. Gold- 
Schmidt and Larsen ^ show that the condensation of anisole with 
benzyl chloride is a reaction of the first order, or unimolecular, and 
that the aluminium chloride acts as a catalyst, increasing the velocity 
of the reaction in proportion to its concentration. Steele concludes 
from similar observations ' that the action of aluminium and ferric 
chlorides in inducing the Friedel-Crafts reaction, differs from many 
cases of true catalysis only in the accident that these reagents com- 
bine with certain substances produced during the reaction and are 
thus removed from the system '• This view is also supported by the 
behaviour of the aluminium-mercury couple, of which a mere trace 
can effect rapid condensation between large quantities of benzene 
and certain aliphatic and aromatic compounds such as chloroform and 
benzyl chloride.* 

Ullsnaim's Method. Finely divided copper, although occasionally 
used in former years in place of silver, has recently been introduced 
by UUmann and received extensive and important applications as 
a condensing agent' The metal can be prepared by adding zinc 
dust to a solution of copper sulphate and careftdly washing and 
drying the precipitate, but the commercial copper-bronze or finely 
divided metal, prepared mechanically, is better. The method is gener- 
ally employed for removing halogens from the benzene nucleus. For 
example, iodobenzene is converted almost quantitatively at 230° into 
diphenyl; bromotoluene in the same way gives ditolyL Bromo- 
benzene and chloracetic ester when heated with finely divided copper 
to 180-200° are converted into phenylacetic ester. The reaction, in 
certain cases at least, is catalytic. Ortho-chlorobenzoic acid reacts 
with glycocoU to form phenylglycine-o-carboxylic acid; but the 
process is greatly accelerated by the addition of a minute quantity 
of copper powder. Similarly, a phenyl radical can be introduced 
into the amino group of amino acids and amides. By heating the 
potassium salt of anthranilio acid with bromobenzene and a little 
copper, phenylaminobenzoic acid is formed. 

^NH, yNHCeH, 

OeH,< +BrOeH, « CeH,< -i-KBr 

XIOOK \COOH 

Potassiam anthranilAto. Phenylaminobenzoic acid. 

1 ZeU, phyg. CA«m., 1904, 48, 480. 
' Hint and Cohen, Trang, Ohem. Soc., 1896, 67, 826. 

• Bar., 1901, 84, 2174, 8802 ; 1908, 86, 2888 ; 1904, 87, 858 ; 1906, 88, 729, 
2120 ; 1906, 80, 1691, 2211. AwuOrni, 1904, 882, 88 ; 1906, 850, 88. 

k2 
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182 CHAIN AND RING FORMATION 

Phenyl iodide will also react with sodium phenate when a trace 
of copper 18 present, although in its absence not one per cent of 
diphenyl ether is produced. 

OeHfiONa + lOoHg - CeHfiOCeH^ + Nal 

The aboye examples have been selected to illustrate the varied 
application of the method, which has proved to possess considerable 
technical importance. 

BemoTal of Carbon Biozide. The well-known method of forming 
ketones by the distillation of calcium salts of oiganic acids has been 
utilised by J. WiBlicenus^ for the preparation of cyclic ketones by 
employing the calcium salts of dibasic acids. For this purpose, 
adipic,* pimelic, suberic^' azelaic and sebacic acids ^ have been used, 
giving cyclic ketones containing 6, 6, 7, 8 and 9 carbon atoms. 

OHa. CHa . OOOv CHj. CH^k 

I \Ca - I >00 + Ca008 

GHa . CHa . 000^ CHg . OH3/ 

From these compounds the corresponding cydoparafEina may be 
obtained by reduction to the alcohol, conversion into the iodide, and 
reduction of the iodide with sine and acetic acid. 

OHo . CHov CBL— CHov CH«— CHov 

I yOROU -^ I >CHI-^ I >CHa 

OH,, CU/ CHa-CH,/ CH^—CB/ 

GyolopeniMkoL Cydopentane. 

The above method of distilling the calcium salts may be modified 
in certain cases with advantage by converting the dibasic acid into 
the anhydride and heating the latter.' The process of electrolysis 
may also effect condensation by removal of carbon dioxide and 
hydrogen. By way of illustration the following example may be 
taken, in which sodium ethyl succinate is converted into adipic ester. 



OHa .COOCaHft CHa . CHa . COOCaHj 

- I +Ha + 2C0a 

a . OOONa(H) CHa • CHa • COOCaHg 



OH 



The application of the method in this way to the synthesis of the 
higher dibasic acids was first used by Grum-Brown and Walker,* 

1 Awnalmf 1898, 275, 809. 

s Montemartini, Q<u», chim, Ual., 1896» 36, 275. 

' Blano, OompL rend., 1907, 144, 1856. 

* Derlon, £«*., 1898, 31, 1962. 

B Blanc, Compi, rmd., 1907, 144, 1856. 

• Annakn, 1890, 201, 107; Trana. Oiem. 5oc., 1896, 60, 1278. 
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and has since been studied by v. Miller,^ and v. Miller and Hofer, 
who elecirolysed mixtures of organic and inorganic salts. 
The following examples may serve to illustrate the reactions : 

CH3 . CHj : COOK - CHaCHsI + COg + 2K 
I :K 

CHa.CHjiOOONa « OH3 . OH^NOj + COj + 2Na 

NOg I Na 



OHa 



COOK CHs 

COOK = CH, +2C08 + 2K 



*8 • ^^ 

I +2CO. + 2K 
Is. CO 



CHj . COOC2H5 CHa . COOC2H5 

Hofer * afterwards electrolysed ketonic acids (pyruvic and levulinic) 
and obtained diketones. 

CHa.CO.COOjK CHs.GO 

CH3.CO.COOIK * CHa 

Walker ' found that by electrolysing sodium diethyl malonate two 
molecules link up to form the anhydride of tetraethylsucdnio acid, 
and Wohl and Schweitzer/ who submitted the sodium salt of acetal 
malonic aldehyde to the current^ obtained the acetal of adipic aldehyde. 

^jH.{0C^^B.fj2 CH2 • 00(002^5)2 

I 
CH2.CH(OC2H5)a 



2CH2<r^ -= L- +2CO2 + 2K 



Orotip ^. Candensatian ly Addition. 

AdjditiTe Beaotions. Benzene under certain conditions forms 
additive compounds with unsaturated hydrocarbons, as in the union 
of styrene with benzene, which combine, giving diphenylethane, 

CeH5CH : OH, + CeH^ « (CeH5)2CH . CHa 

or in that of benzene with cinnamic acid, which in presence of sul- 
phuric acid yield diphenylpropionic acid, 

CeH^CH : CH . COOH + C^He - {C^Kf^l^CU . CH2 . COOH 

The production of cyclic structures have been observed in the case 
of acetylene, which when passed over finely divided iron gives small 

1 Zgitf. SUklroehemie, 1897, 4, 56 ; Ber.. 1896, 28, 8427. 
> Bsr.f 1900, 83, 660. 

• Trans. Chmn, 8oe., 1906, 87, 961. 

* Bm^.y 1906, 88, 890. 
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quantitieB of benzene ; ^ of bromoacetylene, which exposed to light 
undergoes a similar change, yielding tribromobensene ; and of methyl- 
and dimethyl-acetylene, which in presence of strong sulphuric acid 
condense, forming respectiyely mesitylene and hezamethylbenzene. 
Dobner* has obsenred that vinylacrylic acid unites with itself, form- 
ing a ring compound of the formula 

CHj . CH=CH . OH . COOH 

CH, . CH=CH • CH • OOOH 

A very interesting case of ring formation by addition is recorded 
by Perkin/ in which dibromodiallyl-malonic ester on treatment 
with alcoholic potash is converted into m-toluic acid, a reaction 
which probably occurs in the following way : 

yOO.OR CH,=0=CHv vH 

(CHa=CBr.OH8)aO< ^ >0< 

\0O.OR CH2=C=CH/ X!00H 

Dibromodiallyl-malonio ester. Intermediate product 

CHs.C CH 
-> HC/ \c.COOH 

ck~dH 

m-Toluio acid. 

WohaiiVa SeaotlOB/ Michael has shown that the sodium com- 
pounds of acetoacetic ester and malonic ester are capable of forming 
additive compounds with unsaturated compounds of the general 
formula: R.CH:CHX or R. CjCX, in which R is a positive or 
negative organic radical, and X a strongly negative radical such as 
carbonyl, cyanogen, &c. The sodium attaches itself to the carbon 
atom linked to the negative group and the negative radical to the 
positive carbon group. The first example studied by Michael was 
the condensation of sodium malonic ester (prepared by the action of 
metallic sodium or dry sodium ethoxide on the ester dissolved in 
ether) on cinnamic ester* The union takes place in the following way : 

CeHfiCH : CH . COOC2H5 CeH^CH . CHNa . COOCjHj 

NaCHCCOOCaHfi), "^ CHCCOOCjHg)^ 

1 Moissan and Monreu, (kmpL rmA,, 1896, 123, 1240 ; see also Compt. rend,, 
1900, 180, 1819, and CKmn, CentrdOLj 1902, vol. i, p. 77. 

> B«r., 1902, 85, 2129. 

• Trant. Chmn. 8ocy 1907, 81, 816, 840, 848. 

« Michael, J. prdkL Cfrnn., 86, 861 ; 48, 896 ; 46, 66 ; 49, 20 ; Auwers, Bit., 
1891, 24, 817, 2887 ; 1898, 86, 864 ; 1896, 28, 268 ; Ruhemann and Cnnnington, 
ThWM. Chim, Soc, 1898, 78, 1006. 
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Acids liberate the tribasic ester which, by hydrolysis, can be con- 
verted into the dibasic ^-phenylglutaric acid, 

CeHg . CH . OH2 . COOC2H5 OeHfi . CH . CHj . COOH 

CHCCOOCjHj), "^ CHa . COOH 

Fumaric, maleic, aoonitic, crotonic, citraconic, and itaoonic esters, 
acetylene dicarboxylic and phenylpropiolic estei^ and benzylidene 
acetone, &c, behave in the same way, though there is a considerable 
difFereuce in the rate of formation.^ 

The sodium compound of cyanaoetic ester resembles malonic ester ' 
and has been utilized by Perkin ' for the synthesis of isocamphoronic 
acid. Dimethylglutaconic ester, when digested with an alcoholic 
solution of sodium cyanacetic ester, yields : 

CaHgOOC . C(CH3)a . CH . CHNa . COOCaHg 
NC.CH.COOCjHj 

If the resulting ester is then hydrolysed, isocamphoronic acid is 
obtained, which consequently has the formula : 

(CH3)aC~CH— CHj. COOH 

HOOO CHj.COOH 

Isooamphoronio aoid. 

The same condensation process has also been applied to the 
synthesis of cyclic compounds by Vorlftnder.' Benzylidene acetone 
combines with sodium malonic ester, forming phenyldihydroresorcylic 
ester," 

COOC^H^ COOC2H, 

JjH.COOCaHs (MCO 

CeHfi . CH<f -> CeH^ . HC<^^ j>CHj + C2H5OH 

XJHa . CO . CH3 C^TW 

Intermediate additive Phenyldihydroresorcylic ester, 

compound. 

In the same way mesityl oxide may be converted into dimethyl- 
diketocyclohezane, 

1 Anwera, Ber., 1895, 28, 1181 ; AmaXm, 1896. 292, 147. 

> MOUer, CJompt. r$nd., 1892, 114, 1204; Koyes, B9r., 1899, 82, 2289. 

* Proc Ckmn. 80c, 1900, 214. 

« Ber., 1894, 27, 2058 ; ^nnolsn, 1896, 284, 268. 

* In both these reactions the compound in the second stage undergoes the 
acetoacetio ester condensation (see p. 152). 
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(CK^fi : CH . CO . CH3 (CH8)2C-CH8-CO 

HCNii(0OO0aH^)2 "^ CjHgOOC . CH— OO-CH, 
(CHJgO— CHg— 00 

"^ HjC-CO— CHa 

and EnoeTenagd has prq>ar«d isoaoetophorone in the same fashion, 
using soditun acetoacetic ester in place of sodium malonic ester. 
Knoevenagel ^ also found that diethylamine could replace sodium or 
sodium ethozide in effecting condensations of this character. 

Boolmttr-Oiirtiiui Boaotion. This reaction 3rields in the first 
instance pyrazole deriyativee, which, by loss of nitrogen, may be 
converted into true condensation products. A simple iUustration of 
the reaction is furnished by the union of an aldehyde with diazo- 
methane, forming a ketone by elimination of nitrogen,* 

R.CHiO + CHj/ll 

B.CH— Ov B.CHv R.CO 

-^ I >N -► I No + Nj -► I 

CHa— N^ CH,/ OH3 

^ "~^ 

Intermediate products. 

A more interesting application of the method is the preparation of 
those pyrazole compounds which yield cyclopropane derivatives by 
loss of nitrogen. 

It is well known that acetylene combines directly with diazo- 
methane, giving pyrazole,' 

CH CHj CH=CHv 

CH 'S=k " CH=N ^ 

Acetylene dicarbozylic ester combines in a similar way with diazo- 
methane, the resulting product being pyrazole dicarbozylic ester. 
Now, if in place of acetylene or its dicarbox3^Iic ester, esters of the 
olefine acids such as fumaric, maleic, and aconitic esters be substituted, ^ 
pyrazole compounds are formed as before, but readily lose niti'ogen 
on heating, and the ring closes up and gives a cyclic compound. 

Fumaric ester and diazomethane react, giving cyclopropane dicar- 
bozylic ester, as follows : 

» Ber,, 1W4, 37, 4464. » Schlotterbeck, Ber., 1»07, 40, 47». 

* Y. Pechmann, Ber., 1898, 81, 2950. 
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CH, CH.OOOCjH. CH,-CH . OOOCjHj 

N=N^CH.C00C8Hj ~* N CH.0OO0,Ha 



OH,— CH.OOOCjHb 

GB[ • COOv2j35 

If, in place of diazomeUxane, diazoaoetio ester is used, a cyclopro- 
pane tricarboxylic ester is formed.^ 

Addition of Sydrogon Pyaaide. The addition of hydrogen 
cyanide to aldehydes and ketones giving cyanhydrins affords an 
extremely useful method for the preparation of hydroxy acids con- 
taining an additional carbon atom in the chain. The addition of this 
reagent is not restrictei to the CO group ; for it is found that in 
unsaturated ketones and acids containing the grouping C:C.CO 
hydrogen cyanide will attach itself by preference to the double bond, 
thus forming ketonic cyanides and ketonic acids.* Benzalmalonic 
ester combines as follows : 

<00CjH5 XOOOaH^ 

+ HCN - C«H6CH.CH< 
OOCgH, I XIOOC^Hft 

Organo-metallio Compounds. The extraordinary deyelopment 
which organic synthesis owes to the use of organo-metallic com- 
pounds has its origin in Frankland*s discovery of the zinc alkyl 
compounds. The preparation of these compounds need not be 
described. They are extremely unstable liquids which are charac- 
terised by their strong affinity for either free or combined oxygen 
and for the halogens. It is on these properties that their manifold 
transformations depend. Paraffins may be derived from them either 
by the direct action of water,' of alkyl iodides, or of dihalogen com- 
pounds.^ The following reactions illustrate each of the methods : 

Zn(CH8)2 + 2H20 = 2CH4 + Zn(OH)2 
ZnCCHjOa + 2(CH3)3CI = 2{Gli^)^0 + Znlg 
ZnfCHs)^ + CHj . CCla . CHj = OCCHa)^ + ZnCl, 

^ Bachner and Curtius, £er., 1885, 18, 287. 

> Lapworth, Trans. Chem. Soc.^ 1908, 83, 995 ; 1904, 85, 1206, 1214 ; 1906, 89, 
945 ; Brest and Kallen, Annalen, 1896, 298, 838. 

> Frankland, Annalm, 1849, 71, 208 ; 1850, 74, 41. 

« Friedel and Ladenborg, Anndkn, 1867, 142, 316; Liwow, ZHU., 1871, 257. 
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Sine Alkjl CondoniNktioBS (FraaUaiid's Method). The dis- 
covery by Fntnhland and Duppa ^ of the formation of a hydroxy add 
from zinc ethyl and oxalic ester prepared the way for new and 
unlooked-for synthetic uses of the sdno alkyl compounds. If to one 
molecule of ester two molecules of zinc alkyl are added and the 
product decomposed by water, diethylglycollic ester is obtained. 
The following equations represent the course of the reaction : 

C2H5 
COOCoHg I yOZnCoHg 

I +Zn(0,H5),-C< 

I /OZnCjHj I yOZnCjHa yOCjHa 



Zn(OH)8 + 0aHe 



i^OZnCaHg \' 

-"0)C.CaH5+; 



C< +2HjO = (HO)C 

COOC2H5 C 



0002H5 

DiethylglyooUic ester. 

The same product was also prepared by heating a mixture of oxalic 
ester, alkyl iodide, and zinc' 




COOC2H5 (CaH5)2 . CO . ZnCaHg 

I %-4Zn + 4C2H5l= I % 

COOC2H5 COOOjHg 

+ Zn< 
(CaH5)2CO . ZnCaH^ {C2H5),C(OH) ^OaHj 

I +2HaO= I +Zn(OH)2 + 02He 

COOC2H5 COOC2H5 

This was followed by the researches of Wagner,' on the action of 
zinc alkyl on aldehydes, which led to the synthesis of secondary 
alcohols ; of Saytzefif,' who applied a similar reaction to the ketones 
and obtained tertiary alcohols ; of Butlerow,' who prepared alcohols 
from the acid chlorides ; of Freund,' who obtained ketones from the 

1 Annakn, 18«8, 126, 109. 

< Frankland and Duppa, Annatenj 1868, 126, 109 ; 1868, 186, 26. 
> Awialmj 1876, 181, 261. * AnnaUn, 1877, 186, 161. 

B AnndUfnj 1867, 144, 1. < Annalen, 1861, 118, 8. 
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acid chlorides ; of Wagner, Saytaseff, and Eannonikoff,' who con- 
verted aliphatic esters into secondary and tertiary alcohols. The 
following examples illustrate the different types of reactions referred 
to. Aldehydes and zinc alkyls form secondary alcohols. Acetalde- 
hyde and zinc ethyl yield secondary butyl alcohol. 

H 
CHsCHO + ZnCCaHj), « OHg . C— OZnOjHfi 

H H 

CHa . d-OZnCgHfi + 2Ufi - CHs . (>-0H + Zn(OH), + C^He 

C2H5 C2H5 

Secondary butyl aloohoL 

Formaldehyde gives primary alcohols by a similar series of changes, 
whereas ketones jiM tertiary alcohols. 

Formaldehyde and zinc ethyl yield primary propyl alcohol, whilst 
acetone and zinc ethyl give tertiary amyl alcohoL 

HCHO + ZnCCgHJ, - HCH . OZnC^H^ 

HCH . OZnCgHfi + 2H2Q « HCH(OH) + Zn(OH)a + CjHe 

O2H5 ^2^5 

Primary propyl alcohol. 

CH3 CH3 C2H5 

CO + Zn(CjH5)2- C 
CH3 CHsOZnCjHg 

CH3 C2H5 CH3 C^Hg 

+2H2O- C +Zn(0H),+ C2H« 

dHs^ZnCgH^ CHaOH 

Tertiary amyl alcohol. 

Acid chlorides react with one and two molecules of zinc alkyL 
Acetyl chloride and zinc ethyl form methylethyl ketone. 

1 Annakn, 1876, 175, 861 ; 1877, 186, 129, 148, 169. 
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140 CHAIN AND BINO FOBHATION 

CH..O<^.Z.,(yiJ..OH..O<^^^^ 

CjHj 

OH3 . C!< + 2H,0 - OHj . <>vi?5' + Zn(OH)Cl + OA 

TN)zncA r^m 

Meihylethyl ketone. 

If the intennediate product ia allowed to react with a second 
molecule of zinc alkyl, a tertiary alcohol results. 

CHa.c/^ +Zn(0gH5),-CH3.C<; * " +Zna(O,H0) 



I M)ZnOaH0 
G2H5 C2H5 



yCaHg C2H5 

* ' pOZnCjHfi + 2HaO « CH3 . 0(0H) + 
UaHg CjHa 



Zn(OH)2 + C8He 



Tertiary hezyl aloohoL 

With the esters a similar process occurs. Methyl formate and two 
molecules of zinc ethyl peld a secondary butyl alcohol. The reaction 
occurs in two steps. 




' + Zn(CgH4)3«B 



I \0ZnC,Hj 
CjH, 

XXJH, 



H0< + ZnCCaHfi)^ = HC< + Zn< 

C3H5 C2H5 

C2H5 ^8^5 

Hd— OZnCgHg + 2HaO « HC . OH + Zn(OH) j + CaH« 

C2H5 C2H5 

Diethylearbinol. 

Other fatty estero like acetic ester will naturally yield tertiary 
alcohols by this process. 

Magnosium Alkjl Condensations (Chrignard's Beaeiion). The 

use of magnesium in place of zinc for introducing radicals into 
organic compounds in the manner employed by Frankland and Duppa 
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was first suggested in 1899 by Barbier,^ who converted methyl- 
heptenone into a tertiary alcohol by the action of methyl iodide in 
presence of magnesium. In the following year the study of the 
preparation and synthetic uses of magnesium alkyl compounds was 
taken up by Orignard, who published an account of his results in the 
Comptes rendu8^ Since then the reaction has been applied by himself 
and his collaborators, as well as by a host of other workers, in so 
many directions that it will be impossible to do more than indicate 
the nature of the main applications of this interesting and useful 
synthetic process. For a more complete account the references given 
in the footnote may be consulted.' 

Although the behaviour of the magnesium alkyl compounds will 
be seen to resemble in many respects that of the zinc alkyls, their 
greater reactivity^ owing no doubt to the jnore electropositive 
character of the metal, as well as the convenience of their prepara- 
tion, offer great advantages over the use of the zinc compounds. 
Moreover, aromatic halogen compounds, such as bromo- and iodo- 
benzene and toluene^ may be used in addition to the alkyl halides. 

The method of preparation consists in adding to one atomic pro- 
portion of clean metallic magnesium wire, ribbon, or filings, 
suspended in perfectly dry ether, a molecular equivalent of the alkyl 
iodide or bromide (or phenyl or tolyl bromide), also dissolved in ether. 
The magnesium dissolves with evolution of heat, and a solution is 
usuaUy obtained which contains the magnesium alkyl or aryl 
bromide or iodide. If methyl iodide is used, and, after the action 
is complete, the excess of ether is evaporated and the product heated 
to 100-120^ in a vacuum to remove the last traces of solvent, the 
composition of the residue is found to correspond to a substance of 
the formulae: 

MgCH3l.(C2H5)jO 

The ether was regarded by Orignard as ether of crystallization, 
but Baeyer and Yilliger regarded it as part of a compound containing 
quadrivalent oxygen (I). Orignard afterwards adopted the view, but 
distributed the magnesium alkyl halide differently (II) 

CjH^vyMgCHa CgHfiv .Mgl 

C2H/\I CjH/ X!H3 

I. n. 

There are reasons for supposing that the ether plays an essential 

1 OmpL rwd,, 1899, 128, 110. > Compt. rend., 1900, 130, 1822. 

> J. Schmidt, Abrens' VwMge^ 1906, 10, 68; A. MoKenzie, BrU. Aaa. R«port8, 
1907, p. 278; Amer. Chm. Joum., 1905, 88, 818. 
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part in the s]riithetic process to which the magnesium compound is 
applied^ but discussion of the mechanism of the reaction is reserved 
until some of its more important applications have been considered. 
Hydrocarbons. The magnesium alkyl or aiyl iodide is decomposed 
by water or alcohol, or indeed by any compound which contains 
a hydroxy! group, giving a hydrocarbon. 

BMgl + HftO - B . H + Mgl(OH) 
BMgl + OaH50H - B . H + MglCOCsHs) 

The method has been applied to the estimation of hydroxyl groups 
in organic compounds.^ Ammonia and primary amines react in the 
same way by giving up hydrogen to the radical and entering into 
union with the magnesium halide. 

BMgl + B^NHs » B.H + B^NHMgl 

A methyl group may be introduced into an aromatic hydrocarbon 
by emplojring the aryl magnesium bromide in conjunction with 
methyl sulphate (Werner and Zilkens). 

CH, . CeH^MgBr + (CH3),S04 « CeH JCHa)^ + CH3 . SO^MgBr 

Alcohols may be obtained from aldehydes, ketones, acid chlorides, 
esters, &c., by methods which offer a close analogy to the zinc alkyl 
reactions. 

H 

E.CHO + BiMgBr -^ Bd— OMgBr+HgO -* B.CH(OH).Bi 

Aldehyde. Seoondaiy alcohol. 

Primary alcohols can be obtained from formaldehyde, or more 
conveniently from its polymeric form, triozymethylene. They have 
also been prepared from ethylene oxide and ethylene chlorhydrin 
(Blaise). In the first case the action takes place by cleavage of the 
ring: 

I *\)+ Mg/ - E . CH,. CHjOMgBr -* B . CHjCHgOH 

In the second case it occurs in two phases, the hydroxyl group being 
first attacked and then the halogen, on addition of a second molecule 
of reagent 

1 Hibbert and Sudborough, Tram. Gtem. Soc, 1904, 86, 983 ; Zerewitinoff, Btr., 
1907, 40, 2028. 
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BMgBr + CHj^a . CH2OH = EH + CHgCl . CHjOMgEr 
B^MgBr + GHja . OHaOMgBr - B^CH, . CH^ . OMgBr 

Tertiary alcohols are readily prepared from ketones, esters, and 
add chlorides. 

> + BiMgBr -* B.C^OMgBr -* B.c/(OH) 
\b \ei 

The process may be applied to cyclic ketones, ketonic acids, di- 
ketones, and quinones. In the last two cases the reaction may be 
regulated so that either one or both ketone groups are involved. It 
is an interesting fact that a tautomeric ketonic ester, such as aceto- 
acetic ester, reacts in the enol form, that is, forms an additive 
compound with the reagent, which is decomposed by water and the 
ester regenerated. If alkyl groups are introduced, the ester then 
behaves as a ketone. This reaction has been applied to the formation 
of cyclic compounds by Zelinsky and Moser^ in the following 
ingenious way, from lo-acetobutyl iodide. 

CH3.CO I CHj-CO Mgl CH,C.OMgI 

Hi ' ^ 

H. 



If/ NcHj -* HgO^ NCH^ -* Ha^^^Ha 
\jZ CHj H2G GH2 H2G GH2 

CHj.qOH) 

-» h,qAch, 

H,C "OHj 

yOMgBr 
' R . Or— OC«H« 
\Bi 



Esters react as follows : 




B.G<;^ +BiMgBr 

:Br /OMgBr 



B . G^OCjHj + B«MgBr « B . G^E« + MgBr . OC2H5 

yOMgBr y& 

E. C^E* +H2O « B. C^(OH) + MgBr. OH 
\Bi \Bi 

In the case of dibasic esters, both ester groups will react, forming 
glycols. If formic ester is used, a secondary alcohol results. 

Acid chlorides react, as in the case of the zinc alkyl compounds, in 
two phases, giving ketones in the first and tertiary alcohols in the 
second. Garbonyl chloride behaves in a similar fashion : 



s Bw.^ 1902, 86, 2684. 
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OOCI9 + SRHgBr - GRsOUgBr + MgCls + MgRr, 
OBaOMgBr + Bfi « RjCXOH) + Mg(OH)Br 

Anhydrides and lactones also give tertiary alcohols. 

It firequently happens that, in the reactions with aldehydes and 
ketones, an unsaturated hydrocarbon appears in place of the alcohoL 
This must be ascribed to a secondary process (whereby water is 
eliminated), which it is often possible to promote or prevent by 
modifying the conditions. Acetophenone, for example, may be 
made to yield the unsaturated hydrocarbon in place of the alcohol by 
raising the temperature at the end of the process. 

NO-CHa 

o-Hethylstyrene. 
Aldehydes* Quite a number of methods have been elaborated for 
producing aldehydes, of which the following are the most important 
By the use of dimethylformamide the following changes occur 
(Bouyeault) : 

H0O.NRRi + R«MgI -* H0R«(OMgI)NRRi + H^O 

-* R«CHO + NHRBi + Mg(OH)I 

Under ordinary conditions the eflfect of the Qrignard reagent on 
formic ester is to give a secondary alcohol, but Oattermann found that 
by using three molecules of ester and keeping the temperature low, 
the aldehyde is formed (Oattermann). 

HCO . OCjHfi + RMgBr « BCHO + MgBrOCjHa 
Qrthoformic ester may also be used (Boudrouz). 

CH(OC2Hfi)3 + RMgBr « RCH(0CaH,)2 + MgBrOCjHg 
RCH(OC2H5) J + H2O - RCHO + 2C2H5OH 
Oattermann introduced ethoxymethylene aniline in place of ethyl 
formate, the reaction taking place as follows : 

CeHjN : CH . 0C2Ha + RMgBr - CeHftN : OHR + CjHjOMgBr 
C^HftN : CHR + H2O - R . CHO + CflH5NH2 
Another method which also yields aldehydes is that of Sachs and 
Loeyy in which isocyanides are used. 

RN:C + EiMgBr-BN:C< 

\MgBr 

EN : 0< + H,0 - RN : CHRi + MgBt(OH) 

^MgBr 

EN : OHB^ + H,0 - BNH, + OHO . Bi 
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Ketones can be prepared from cyanogen, cyanides, and amides. 

(ON), + EMgI-NO.Cf^ 

^NMgl ^NMgl 

NO. 0^ + RMgl - ROf + Mg(CN)I 

B.c/^ +2H,0-R.CO.B+MgI(OH) + NH3 

In the same way, 

BON + B>MgBr -♦ ECT^ +2H2O 

= B . CO. Bi + Mg(OH)Br + NHj 

Ketonio esten may be obtained by the same process from cyanogen 
esters. Cyanaeetic ester, for example, with magnesium methyl iodide 
yields acetoaoetic ester (Blaise). 

The action upon amides is represented as follows; 

/OMgl 
B . CONH, + 2MgBiI - B . C^NHMgl + B^H 

\bi 

B . C(OMgI)(NHMgI)Bi + 2H,0 - B . C(0H)(NH2)Bi 
+ MgIj+Mg(OH), 

The last product loses ammonia and gives the ketone 

Acids and Esters. Acids are obtained by passing carbon dioxide 

into the ethereal solution of the magnesium alkyl compound and 

decomposing the product with water or sulphuric acid, or, if the 

sodium salt is required, with sodium hydroxide solution (Orignard). 

<01lgBr H,0 /OH 

-» R-(\^ +MgBr(OH) 

If the intermediate compound is further acted upon by two mole- 
cules of magnesium alkyl halide^ and the product decomposed with 
•wtAfii, a tertiary alcohol is formed. 

B . CO . OMgBr 4 2BiMgBr - CBB^B^ . OMgBr + (MgBr),0 
H,0 
-* CBBiBiOH + MgBr(OH) 

By using chloroformic ester with the Grignard reagent, esters are 
obtained (Houben). 

B . MgBr + CI . COOCjHj - B . COOCjHj + MgClBr 
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The reaction may proceed to a second phase, yielding a tertiary 
alcohol, as already explained (p. 148). 

Carbonic esters may also be used in the preparation of esters 
(Tschitschibabin). 

BMgBr + CO(OC,H^ - RCCOMgBrXOCaHJ^ 
B0(OMgBrXOCaH^ + H,0 = R . COOCaH^ + CaH^OH + MgBi<OH) 

Ortho-carbonic ester reacts in a similar manner. 

BMgBr +qOCgH5)4 - B . qOCaH^), + MgBrCOCaHJ 
BMgBr + B . C(OC^5)3 - BjCCOCgHj), + MgBriOCgH^) 

In this case an acetal is fonned. 

8ulphi§r Acids. Sulphur dioxide reacts like carbon dioxide and 
forms Bulphinic acids (Bosenheim and Singer). 

BMgBr+SOa -» B.SOsMgBr -» B.SOsH + MgBr(OH) 
The same product is obtained firom sulphuryl chloride (Oddo). 
BMgBr + SOsCl, -» B . SO^Cl + MgClBr 
B.SOsCl + BMgBr » B.SOgMgBr+BCl 
B . SOaMgBr + H^O -» B . SO^H + MgBr(OH) 

Garbithionic adds are formed by the action of carbon bisulphide on 
the reagent in the same way as the carboxylic acids by the use of 
carbon dioxide (Houben). 

Amides of the aromatic series may be obtained from aryl carb- 
imides (Blaise). 

<MgI H,0 
^ CeH^NHOOB 

+ MgI(OH) 

Similar products are obtained by forming the magnesium compound 
of a primary aromatic amine^ BNHMgly ftud acting upon it with the 
ester of a monobasic acid (Bodroux). 

2BNHMgI + B^COOB« - MgI(OB") + B^ . 0(NHB),OMgI 
Bi . C(NHB)a . OMgl + HCl « BNH, + B^CONHB + MglCl 

If, in place of a monobasic ester, ethyl carbonate is substituted, a 
urethane is formed (Bodroux). 

2BNHMgI + CO(OC^11^\ - (BNEO^qOCaHg) . OMgl + Mgl . OCjH^ 
(BNH),C(0CaH5) . OMgl + H^O 

- BNH . COOCaHfi + BNHj + Mgl(OH) 
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Thioanilides are obtained by substituting mustard oils for the car- 
bimides in the above reaction (Sachs and Loeyy). 

Hffdroxfflamine Derivatives. Both nitric oxide and nitrogen peroxide 
react with the Orignard reagent, the former giving nitroso hydro- 
xylamines and the ktter dialkyi hydroxylamines (Wieland). 

>OMgBr yOH 

ON.N< -* ON.N< 

The mechanism of the second reaction has not been expLiinedy but 
is no doubt due to partial reduction of the peroxide by the reagent. 
Hydroxylamine derivatives may also be obtained from amyl nitrite as 
follows : 

ON . OC^Ha + 2MgIE « NEB . OMgl + CfiHnOMgl 
NRE . OMgl + H2O - N(R),OH + MgI(OH) 

Diaisoamino-oon^minds. Aliphatic as well as aromatic diazoamino- 
compounds can be prepared from alkyl and aryl azides.^ 

MgBr 
RN<n| + EiMgBr«RN.N:NEi ^ RNH. N:N.Bi + MgBr(OH) 

Additive Cmpaunds. Eohler' has made a careful study of the 
action of the Orignard reagent on the unsaturated aldehydes and 
ketones containing the group C : C . OB : 0. Several reactions are 
possible. Addition may occur at the double bond or with the ketone 
or aldehyde group, or again, following Thiele's rule (p. 70), in the 1 . 4 
position. All these effects have been observed and are found to 
depend upon the nature of the attached radicals and may be summa- 
rized as follows : 

1, In aldehydes and ketones in which B is hydrogen or an alkyl 
group, a normal reaction with the CO group takes place, with the 
formation of a tertiary alcohol. 

2. If the attached radical is aromatic, addition occurs in position 
1 . 4, and a ketone is formed, as in the case of oinnamylphenyl 
ketone. 

CeH^CH : CH . CO . CeHg + CeHgMgBr 

« CoH^CHCCeH^) . CH : CCOMgBrKJeH^ 

^ CeH,CH(CeHfi).CHa.00.CeH5 

1 I>imn>ih, B^r., 1906, 80, 8906. 

> Anwr. Chmn. J<mm.y 1906, 88, 168, 888 ; 84, 182. 

X.2 
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8. If the attached radical is an alkyl-oxy group, that is, if the 
compound is an unsaturated ester, addition either takes place as in 
(2) or the alkyl-ozy group is replaced by the radical of the reagent 
The former occurs with an aryl magnesium halide, and the latter 
with an alkyl compound. 

For example, phenylcinnamic ester reacts as follows with phenyl 
magnesium bromide : 

GoH^OH : CCCeHfi) . COOCaHg + MgBrCeHfi 

-* CeHgCH-CXCeHfiJrCO.OR 

CeH^ MgBr 

CeH,C3H(CeH5) . qCeH^) : COB(OMgBr) + HCl 

- (CeHgjjCH . CHCCeHfi) . COOK + MgBrG 

Additive compounds are also formed with unsaturated nitrogen 
compounds such as benzylidene aniline, 

CeHfiN : OH . CcH, + MgCHjI - CeHfiNCMgl) . CK{OIL^ . Ofi, 

which yields the secondary amine on decomposition with water 
(Busch). Oximes behave similarly, the radical attaching itself to the 
unsaturated carbon and the magnesium halide to the nitrogen. 
Triazo^ompounds also react by cleavage of the nitrogen ring, followed 
by the formation of diazoamino-compounds (Dimroth). 

en/ 11 + RiMgl - EN(MgI)N : NB^ 

RN(MgI)N : NRH HjO « ENH . N : NRi + MgI(OH) 

The reaction may be applied indifferently to the preparation of both 
aliphatic and aromatic compounds. 

This does not exhaust the many changes which may be rung on the 
reaction, but the above examples will serve to illustrate the general 
character of the process. It will be seen that, apart from the simplidiy 
and convenience of the method, the magnesium compounds are much 
more reactive than the zinc alkyls, and their combination may be 
effected with nitrogen much in the same way as with oxygen, thereby 
increasing the range of their application. It should be observed that 
the metal always attaches itself to the more electronegative element 
(0 and N), either by adding itself to the latter if unsaturated, or by 
replacing the hydrogen when combined as hydroxyl or amino groups. 
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It has been suggested by Tschelinzeff ^ that the ether which appears 
to form a compound with the magnesium alkyl halide acts catalyti- 
cally at low temperatures, for although interaction between the magne- 
sium and alkyl halide takes place in benzene or xylene, it is necessary 
to boil the liquid, whereas the presence of a little ethyl or amyl ether 
or anisole (methylphenyl ether) causes combination at the ordinary 
temperature. He considers the effect of the ether is to dissociate the 
alkyl halide by forming the ozonium compound, thus assisting union 
with the metal : 

C,H/ \X "^ O^B/^X 

Tertiary amines such as dimethylaniline may replace ether as the 
catalyst, and their reaction is explained in a similar way by the 
disruption of the alkyl halide B^X from the quinquevalent compound* 

(R)»N<^ 

A further examination of the ether compounds of the alkyl magne- 
sium halide has shown that the latter unites with two molecules of 
ether, corresponding thus to Zelinsky's compound with magnesium 
iodide Mglg . 2(CaH^20- ^^ evidence for this was given by 
Tschelinze£^ who showed that on adding ether to a benzene solution 
of magnesium alkyl iodide^ equal quantities of heat are evolved foi 
each of the first two molecular proportions of ether added. 

Sofnnnatsky's Soaetioii. A reaction which may be regarded as 
a modification of Frankland's and Qrignard's was first suggested by 
Fittig and Daimler.' They attempted to combine chloracetic ester 
with oxalic ester in presence of zinc, in the expectation of obtaining 
a product similar to that of Frankland, in which the acetic ester group 
would play the part of an alkyl radical The reaction, however, gave 
instead ketipic (keto-adipic) ester. 

CO.CHj.COOOjHg 

CO.CHg.OOOCjHa 

Keiipio ester. 

Beformatsky' was afterwards more successful, and obtained a 
)3-hydroxy-isovaleric ester from acetone, iodoacetic ester and zinc. 



^ Ser., 1904, 87, 2084. > Ber.^ 1887, 20, 

• Ber., 1887, 20, 1210; 1896^ 28, 24C8, 2888. 
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OH3 CH3 OZnl 

00 + CHJ . COOR + Zn -Vo + H^O 

erf; CH3 CH2.COOR 

CH, 



^ qOH).CHj.COOR + ZnI(OH) 



CHa 



Lapworth has shown that the ester group behaves in the manner 
of a ketone group, and has succeeded in condensing oxalic ester with 
bromacetio ester, and also two molecules of bromacetic ester with 
zinc or magnesium, with the object of throwing light on the aceto- 
acetic ester synthesis, to be presently discussed 

CjHjOOO . COOOjHa + BrOHs . COOCjHg + Zn 

yOZnBr 
- CjHfiOOC. C^Hg . COOR 
N)CaH, 

H,0 

-* CaHfiOOC.CO.CHj.OOOCjHs 

Oxaloacetic ester. 

BrCH, . OOOO2H5 + BrCHa . COOC2H5 + Zn 

yOZnBr H,0 

- BrCHg . C^CHo. COOCgHg -^ BrCH2 . CO . CH, . COOCaHg 

Bromacetoacetic ester. 

The reaction has since been used for the synthesis of citric acid by 
Lawrence,^ (0-camphoronic acid by Perkin ' (see voL i, p. 608), and by 
others for similar condensationa 

In the first case, union is e£fected between bromacetic ester and 
oxaloacetic ester, and proceeds as follows : 

CHjBr CO.COOCaHj 
I +1 +Zn 

COOCjHfi CHg.COOCaHfi 



CjHfiOOC . CHg . C(OZnBr) . COOCgH^ 

"* CHj.COOCjHg 

= CjHfiOOC . CHj . qOH) . COOC2H5 + Zn(OH)Br 



+ H2O 



CHj.' 

Citric 
» 2Vwia Oem. Soc, 1897, 71, 467. • Tnns. Cfmn. floe., 1897, 71, 1178. 



COOCaH^ 

Citric ester. 
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In the second synthesis, tt*bromoisobutyric ester and acetoaoetic 
ester or bromacetic ester and dimethylacetoacetie ester in presence of 
zinc were first combined, giving hydroxytrimethylglutaric ester. 

(CHjJa.C— C(OH)-CHa 

CgHfiOOC CH3 COOC2H5 

The compound was then acted on with phosphorus pentachloride 
and converted into chlorotrimethylglutaric ester. On boiling with 
alcoholic potassium cyanide, cyanotrimethylglutaric ester is formed, 
and, finally, on hydrolysing with hydrochloric acid, (S-camphoronic 
acid. 

(CHJjC-OCl— OH2 (OH8)aO-0(CN) . CH, 

C2H5OOO CH3 COOO2H5 "^ CgH^OOC CH3 COOC2H, 
Chlorotrimethylglutario ester. Cyanotrimethylglutaric ester. 

(CH3),C-0(CH3)-CH2 

~* HOOO COOH COOH 
18-Camphoronio add. 

Ma^edum has been used in plaee of zinc in the sboye reaction.* 

Wallach * has utilised the reaction for introducing unsaturated side* 
chains into cydio ketones. Sabinaketone can be converted into 
sabinene in the following way : 

OH CHj.COOCjjHj 
CO 

h +CH,Br.COOC2H5-» (\ 

HjC's^Hj +Zn HjOs^'CH, 



+ HsO 
CH3 OHj CMsCHs 







Sabinaketone. 

The latter, when heated with acetic anhydride, loses carbon 
dioxide and alcohol and gives : 

1 ZeUnsky and Gutt, Ser., 1902, 85, 2140. 
* AnwOm, 1908, 860, 26; 1909, 865, 855. 
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OH, 



HC/NOH, 
H,C3l\JcH, 



Sabinene. 

An example of ring formation is recorded by Beformataky,^ who 
obtained trimedc eeter by condensing formic eeter with chloracetic 
ester and zinc. 

8C2H50CH(OZnCl)OH2 . COOCaHs - SCgH^OH + 8Zn(0H)Cl 
HC C.COOCjHft 
+ C2H5OOC . C ^ ^ CH 

The ▲cetoMetio Btter Condensation (Union of^OOOOfi^-^ 
CH2 . (X)OC2H5). The discovery of acetoacetic ester carries us back to 
the year 1868, when Oeuther,' who held the view that acetic acid 
contains two hydrogen atoma replaceable by metals^ sought to replace 
the second hydrogen atom in ethyl acetate (since it could not be 
effected with sodium acetate) by means of metallic sodium. 

He observed the evolution of hydrogen,' the formation of sodium 
ethoxide^ and the production of a crystalline sodium compound of the 
formula GeHgNaOg. From the sodium compound, by the addition of 
an acid, aUquid was isolated which, though neutral to litmus, formed 
salts with metallic bases. He found, moreover, that the sodium of 
the sodium compound reacts with alkyl iodides and forms a series of 
alkyl ethers. These facts led Oeuther to name the new compound 
efhj^iaoctic add, and to represent it by the formula : 

CH3. qOH) : CH . COOCjH^ 

1 J. run. pAyi. chm. GTm., 1898, 30, 280. * Jahrtih^ 1868, 888. 

* It wu Bubtequently found that when ethyl aoetate is pure, little, if any, 
hydrogen ia evolved, but according to Oppenheim and Precht {Ber,, 1877, 9, 820) 
it is used in eonjunotion with sodium to convert some of the acetic ester into 
sodium ethoxide. 

CH,.00 Na^Ha CH,.CH..ONa 
I + - + 

GH,.GH,.0 Na CH,.GH,.ONa 
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The formation of the sodium salt was represented by the equation : 

2C2H3O . CjHfiO + Nag = Hg + CgH^ONa + C^HgNaOa 

Whilst this research was in progress Frankland and Duppa were 
studying the action of alkyl iodides on oxalic ester in presence of zinc. 
In extending their investigations to ethyl acetate, the zinc was 
replaced by the more energetic metal, sodium, and, during the solu- 
tion of the metal in the ester, the evolution of hydrogen was observed. 
Without isolating the product they proceeded to heat up the solid 
mass with ethyl iodide. In this way various products were ob- 
tained and separated by fractional distillation. Among them four 
compounds boiling between 120° and 266^ were isolated and charac- 
terized as follows : (1) hut^ estety (2) diethylacetic ester, (8) a compound 
identical with the ethyl ester of Oeuther's ethyldiacetic acid, 
which, since it decomposed with alkalis into ethyl acetone, alcohol, 
and carbon dioxide, was termed ethacdone carbcnaU ofethyly and (4) a 
final fraction which decomposed in the same manner into diethyl 
acetone, alcohol, and carbon dioxide, and received the name of dieth- 
acetone carbonate of eHhyl Frankland and Duppa explained the 
formation of the first two compounds by supposing that ethyl acetate 
is converted by sodium into a mono- and di-sodium ethyl acetate, 

CHgNa . COOO2H5 and CHNa^ . COOCaHa 

which with ethyl iodide yield ethyl- and diethyl-acetic ester. The 
formation of ethacetone and diethacetone carbonate of ethyl was 
explained by the union of a molecule of ethyl acetate with a molecule 
of mono- or di-sodium acetic ester formed by the action of sodium on 
acetic ester. 

CHa . COOC2H5 + OHgNa . COOCaH^ 

= CHa . CO . CHNa . COOC2H5 + G^JIfiJI 

CH3 . COOCaHfi + CHNaa . COOCjHb 

= CH3 . CO . CNaa . COOCgHfl + OaHgOH 

The action of ethyl iodide on the two sodium compounds would 
produce ethacetone and diethacetone carbonic esters. These views 
were generally accepted, and the name of Geuther's ethyldiacetic add 
was subsequently changed to acetoacetic ester. 

But in a subsequent paper ^ Geuther pointed out that he had failed 
to isolate either the mono- or di-sodium acetic ester ; but had found 
that a considerable quantity of acetoacetic ester is formed by the 

1 ZeiL dm., 1868^ 668. 

Digitized by VjOOQIC 



154 CHAIN AND RING FORMATION 

action of sodium ethozide on ethyl acetate, a reaction which he 
represented as follows : 

2C^n fii + CjHfiONa = OeHgNaOg + 2C2H6OH 
He observed at the same time that when the ethyl derivative of 
acetoacetic ester is heated with sodium ethoxide, ethyl butyrate is 
produced. It is therefore unnecessary to assume the formation of 
the monosodium compound of ethyl acetate, since the presence of 
sodium ethoxide alone will explain, in accordance with Geuther's 
original equation, the formation of both acetoacetic ester and ethyl 
butyrate. The production of diethylacetic ester and diethylacetoacetic 
ester (Frankland and Duppa's diethacetone carbonate of ethyl) still 
remained unexplained. In a paper published in 1877 by J. Wisli- 
cenus,^ the whole subject was submitted to a critical re-examination 
with results which have proved of the highest importance to syn« 
thetical organic chemistry. Wislicenus showed that, although only 
one atom of hydrogen in acetoacetic ester can be replaced by sodium 
by the direct action of the metal, or of sodium ethoxide, an alkyl 
group having been introduced in place of this atom of sodium, the 
compound acquires the property of exchanging a second atom of 
hydrogen for sodium, which can be replaced by a second alkyl group. 
Wislicenus, adopting Frankland*8 formula, represented the changes 
as follows: 

CH3. CO . CHNa. COOCjHg + CjH^I 

- CH3 . CO . CHCC^Hg) . COOCjjHfl + Nal 

CH3 . CO . CNaCCjHft) . COOCsHfi + CjH^I 

= CH3 . CO . C(C,H5)a . COOCjHfi + Nal 
As the second product yields, with sodium ethoxide, diethylacetic ester, 
Frankland and Duppa's assumption of a disodium acetic ester proved 
as unnecessary as that of the monosodium compound. 

But Wislicenus*s inquiry was not limited to unravelling Frankland 
and Duppa's experiments. The knowledge of the numerous trans- 
formations which acetoacetic ester undergoes, the formation of mono- 
and di-alkyl derivatives, the conditions which determine the ketonic 
and acid hydrolysis, and the synthetic method for preparing acids 
and ketones by a combination of the two processes, are due to him, 
and now belong to the most familiar synthetic reactions in organic 
chemistry. Although Wislicenus accepted Frankland's formula for 
acetoacetic ester in opposition to Cteuther'Sy as the most simple 
explanation of its behaviour, he did not succeed in throwing any 
new light on the manner in which acetoacetic ester is produced. 

1 AnwOeH, 1877, 186, 168. 
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Geuther,^ who regarded both the sodium compound and the free 
eeter as possessing the hydroxy!, or, as we now say, the enolic 
structure, explained the process in the following manner : 

CH3 . COOC2H5 + 2Na - CHa . (5 . ONa + CgHfiONa 

CH3. 6. ONa + CHg. COOCjjHj - CH3 . C(ONa) : CH . COOC2H5 + H^ 
CH3 . qONa) : CH . COOCaHg + O^Efi^ 

= CH3 . C(OH) : CH . COOC2H5 + CH3 . COONa 

Frankland and Duppa,* on the other hand, represented the reaction 
as due to the formation of a sodium compound of acetic eeter, which 
then united with a second molecule of acetic ester, 

CH3 . COOCaH^ + CHjNa . COOCgHg 

= CH3 . CO . CHNa . COOC2H5 + C2H5OH 
CH3 . CO . CHNa . COOCjHg + C2H4O2 

« CH3 . CO . CHa . COOC2H5 + CH3 . COONa 

The controversy which the structure of acetoacetic ester aroused, 
and out of which the theory of tautomerism was ultimately evolved 
(vol. i, p. 174), diverted attention for a time from the mechanism of the 
reaction. In the meanwhile, Frankland's ketonic formula for both 
the free ester and sodium compound, which expressed in a simple 
fashion the greater number of its transformations, was generally 
accepted. 

The first serious contribution to a theory of the acetoacetic ester 
synthesis is contained in a paper by Claisen' published in 1887, in 
which he shows that benzyl benzoate unites with sodium methylate 
and methyl benzoate with sodium benzylate to form the same 
additive compound. 

yONa 

CfiHg . COOC7H7 + NaOCH3 « CeH^ . C-OCH3 

^Na 
CeHfi . COOCH3 + NaOC^H^ - CeH^ . d-OCHj 

\0C7H7 
Benzaldehyde also produces the same substance by the action of 
sodium methylate. 

2CeH5 . CHO + NaOCHj « CeH^ . C(OCH3)(OC7H7KONa) 

1 Annaim, 1888, 210, 128. 

* PkU. Tnns^ 1866, 166, 87 ; Afmakn, 1866, 188, 204, 82a 

• B0r., 1887, 20, 6i6. 
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On the basis of this obaeryation, Claisen suggested that acetoaoetio 
ester is produced in two stages. A molecule of sodium ethozide 
imites with ethyl acetate and forms an additive compound, the latter 
combining with a second molecule of ethyl acetate to form sodium 
acetoacetic ester, with the elimination of two molecules of alcohol. 

vONa 
CH3 . COOC2H5 + NaOCgH^ = CH3 . C-OCgHa 



A 



HX/2H5 



Na 



Gxi3» C — 



IOG2H5 + Hj 

;OC2H5 



CH« COOC2S5 



= CH3 . C(ONa) : CH . COOO2H5 + 2C2H5OH 
According to Olaisen, therefore, the active agent in the process 
is not metallic sodium, but sodium ethozide. This view received 
support from a variety of independent observations. Ladenburg in 
1870 made the interesting discovery that ethyl acetate, carefully freed 
from alcohol by means of silicon chloride, is not attacked by sodium 
in the cold, and only very slowly on heating. It was also observed 
that, when ethyl acetate only contains a trace of alcohol, the action 
of sodium at the commencement is very slow, but increases in vigour 
as it proceeds, a fact which Claisen ascribed to the liberation of con- 
stantly increasing quantities of alcohol, as expressed in his equation. 
Moreover, Claisen's theory explained the enolic structure of the 
sodium compound, which was by this time generally recognized. 
But the most convincing proof of the active agency of sodium ethoxide 
was afforded by the large number of similar condensations effected 
between different esters or between esters and ketones either with 
alcohol-free sodium ethoxide, or, less frequently, with an alcoholic 
solution of sodium ethoxide in place of metallic sodium. 

Some of these reactions will now be illustrated. It may be stated 
at the outset that the number of condensations effected with sodium 
ethoxide far exceeds that with metallic sodium. Acetic ester, how- 
ever, gives a very much better ]rield with sodium than with sodium 
ethoxide, which even at 170*^ only produces about one-third of the 
theoretical amount. Sodium acts similarly with propionic and 
butyric ester, but with much diminished yields. These products of 
these two reactions have the structure, 

CH3 . CHa . CO . CH . COOO2H5 

CH3 

Propiopropionie ester* 
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CH3 • CIij • CHg • CO • CM • COOC2XI0 

O2H5 

Butyrobutyrio ester. 

It follows, therefore, that the carbonyl group of the one ester mole- 
cule attaches itself to the a-carbon of the second, and that the reaction 
may be expressed in the following general form : 

B B 

B.OO.OB+CH2. CO . OB « B. 00 . OH. OOOB+BOH 

Succinic ester and sodium give the interesting cyclic compound 
succinosuccinic ester, which on oxidation is easily transformed into 
dihydroxyterephthalic ester : 

CH.COOC2H5 C.COOC2H5 

HaQ^^O Hc/NqOH) 

OclJcHa "^ (HO)cJ ^H 

CH . COOCjHa C . COOC2H5 

SuccinoBUcoinio eater. Dihydroxyterephthalic ester. 

If, however, it is hydrolysed and heated with sulphuric acid, it 
loses carbon dioxide and gives a cyclic ketone, which may be reduced 
to the alcohol, converted into the iodide with hydriodic acid, and 
finally reduced with zinc and acetic acid to cydohexane.^ 





CHa 




CHj 


H,C 


^\X) _^ 




HaCj^XIH.OH 


OC 


^JoHj 


HO 


OHj 




CH, 




CH, 


- 


HaC/NcHl 
IHolJoH, 


- 


HjC/NoHj 

H,clJcH, 
OHj 



Malonic ester condenses with itself in presence of sodium, giving 
phloroglucinol tricarboxylic ester, the reaction taking place in two 
steps.' 

I Baeyer, AfMai$n, 1894, 278, 111. 

• Baeyer, Ber.y 1886, 18, 8454 ; Willstfttter, Ber., 1899, 82, 1272. 
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/COOCjHj yOOOCjH, 

CjHjOOCHCK +OHj< 

XJO . CHj . OOOCaHj XIOOOjHg 

q 

-CjHsOOC.HO^ >C0 



CO CH.COOCgHj 



orxH 



CM • COOC2M5 

Phloroglucinol tricarboxylic ester. 

Other examples of cyclic compotinds produced by internal con- 
densation are furnished by the action of sodium on adipic or pimelic 
esters,^ 

CHa . CHa . OOOC2H5 OHj— CH . CX)0CaH5 



I >C0 +CaH50H 

CHa- " 



CHa • CHa • COOC2H5 OHa — CHa 

Adipic ester. Gyolopentanone oarbozylio ester. 

and by the internal condensation of y-acetobutyric ester which yields 
dihydroresorcinol.^ 

<Ha.00,CH3 CH^ 

« HaC/ >CHa + CaH30H 
JHa.OOOOaH, ^^ 

W. Wislicenus has extended the method to the preparation of 
aldehyde esters and ketonic-dibasic esters by using formic ester on 
the one hand and oxalic ester on the other. Acetone and formic 
ester in presence of sodium ethoxide yield the sodium compound of 
acetylaldehyde, CH3 . 00 . CHa . CHO, which, on the addition of acetic 
acid, almost immediately undeigoes further condensation to triacetyl- 
benzene. 

CO.CH3 COCH3 



OHa 




OHO \CH0 ^ HC/NOH ^^^q 

CHg.CO-HaC XJHa.CO.OH3"cH300.olJo.OOOH3 

dno OH 

Acetylaldehyde. Triacetylbenzene. 

Acetophenone and formic ester can be converted in the same way 
into tribenzoylbenzene. Formylaoetic ester, whidi is obtained by 

1 Dieckmann, Bw., 1894, 27, 102. 
> Vorl&nder, Annakn, 1897, 204, 258. 
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oondensiDg formic and acetic esters in presence of sodiam, rapidly 
passes into trimesic ester at the ordinary temperature.^ 

8CH0 . OH2 . COOO2H5 - CflH8(COOC2H5)8 + BRfi 

Formylphenylacetic esteri which is prepared with sodium ethozide 
from formic and phenylacetic ester, jieliB two desmotropic forms 
(yoL i, p. 189) but does not undergo further condensation.' 

Oxalic ester has been a prolific source of new condensation products 
owing to the ease with which it combines, in consequence no doubt 
of its acidic character. In some cases an alcoholic solution of sodium 
ethoxide in place of the alcohol-free substance is sufScient to induce 
condensation. A variety of ketonic cyclic compounds have been 
prepared. For example, by condensing glutaric and oxalic ester' a 
derivatiye of cydopentane is obtained : 

CaHgOOO . CHa OOOCgHj C2H5OOC . CH— 00 



CH2+ I = CHa 

! . CHa OOOCjHa 0^000 . CH— CO 



C2H5OOG • 

Diketo-oydopentane dioarbozylio ester. 

and by combining /9/9-dimethylglutaric ester with oxalic ester 
Eomppa* synthesised diketoapocamphoric acid and later camphoric 
add (yoL i, p. 616). 

CaHflOOC . CHg COOCgHj CjH^OOO . CH— CO 

C(CH8)2+ -^ (CH^fi 

C2H5OOC . CH2 COOC2H6 C2H5OOC . CH— CO 

Diketoapooamphorio eeter. 

Acetic ester and oxalic ester yield oxaloacetic ester, 

C2H5OOC . COOCjHj + CHa . COOCjHa 

= C2H5OOC . CO . CH2 . COOC2H5 + C2H5OH 

With mesityl oxide, oxalic ester gives mesityloxide-oxalic ester 
CHs COOCjHa CH3 

C:CH.C0.CH3 + C000aH, -•» C : CH . CO . CHaCO . COOCaHg 

CH3 CH3 

Meaityloxide-ozalio eater. 

Oxalic ester also readily condenses with propionic and normal butyric 
ester but not with isobutyric ester. 

1 PiatU, Bff., 1887, 20, 587. * WialicenuB, Ber., 1887, 20, 2980. 

• DieokmaiiD, J9^., 1897, 80, U70. « Ber., 1901, 84, 2478. 
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In the latter observation Glaisen saw a confirmation of his theory, 
to which we will now return ; for the structure of isobutyrio ester 
does not admit of the removal of the two molecules of alcohol which 
the interaction of the additive compound of oxalic ester with sodium 
ethozide demands. 

ONa CH3 

OaHgOOO . C— OCaHfi + CH . COOC2H5 

OC2H5 CH3 
The fact has, however, received a much simpler interpretation from 
Dieckmann,^ who has shown that the more acidic the )8-ketonic ester, 
the less readily does it undergo acid hydrolysis with sodium ethoxide. 
Acetoacetic ester is very slowly hydrolysed at 180° with sodium 
ethozide in alcoholic solution and is scarcely affected at the boiling 
temperature ; the monoalkyl esters change somewhat more readily, 
whilst the dialkyl esters are completely hydrolysed on warming 
the alcoholic solution containing a trace of sodium ethoxide. The 
catalytic action of sodium ethoxide is explained by Dieckmann by 
supposing that a molecule of sodium ethoxide and then a molecule 
of alcohol are taken up by the ester and that the product then breaks 
up, regenerating sodium ethoxide : 

ONa 

CHs . 00 . CRj . OOOC2H5 + NaOCgHg = CHg . C-CRa . COOCjHg 

^OCjHg 
X)Na ^Na 

CH3C— CRa . OO2R + CaHfiOH = CHad— OCaH^ + CHRj . CO,R 

^OCjH^ \)C^, 

yONa 

CHg . C— OCaHfi « CHg . COOC2H5 + NaOOaHs 
\>C2H5 
It is clear, therefore, that the apparently passive character of 
isobutyric ester is due not so much to its structure as to the in- 
stabiliiy of the condensation product with oxalic ester. It seems 
to follow that the process depends in some measure on the acidic 
character of the final product^ or, in other words, on the stability of 
the sodium compound of the ketonic ester. If this is so, it explains 
the remarkable differences which have been observed in the effect of 
the condensing agent, the velocity of the reaction, and the amount 
of the products. 

> Ber., 1900, 83, 2670. 
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The sluggish action and unsaiiafiietory yield obtained with propionic 
and still more with butyric ester may be due to the more positive 
character of the product, whilst the readiness with which oxalic ester 
enters into reactions, especially with other acidic substances like 
acetophenone, may depend upon the enhanced stability of the sodium 
compound of the ketonic ester. We are, in fact^ dealing with a wide 
range of reversible reactions in which the balance changes first to 
one side and then to the other. 

We may inquire a little more fiilly into the mechanism of the 
dianges just described. From what has been stated, one is almost 
forced to the conclusion that the use of sodium, of dry sodium 
ethozide or its alcoholic solution, and latterly of sodamide, to which 
reference will be made presently (p. 166), only constitutes different 
modifications of the same fundamental process. 

This in itself is a strong argument in favour of Claisen's theory, 
daisen has however withdrawn somewhat from his original position. 
In a recent paper' he reaffirms his view of the rdle which sodium 
ethozide plays in forming an additive compound, but leaves unde- 
termined the nature of the succeeding changes. 

Dieckmann, by reversing the process by which he conceives 
hydrolysis with sodium ethoxide to be effected, explains the aoeto* 
acetic ester synthesis by a series of reversible steps as follows : 

yONa yONa 

CHad-OOaHg + CH3CO AHfiSTCHaC-CHaCOjC^a + CjH^OH 

\)CaH5 \0C,H5 

^Na 

CH3 . 0— CHj . CO AH5 ^ CHsC(ONa) : CH . COaC^H^ + C2H5OH 

\0C,H3 

This scheme at first sight does not appear to differ materially from 
Claisen's original conception ; but it implies that the condensation 
does not necessarily involve both steps, and that in some casesy 
especially where ring formation is involved, the removal of only one 
molecule of alcohol may occur and determine the final result. 

daisen's theory, even in its modified form, has not passed unchal- 
lenged. Nef ' explains the acetoacetic ester and many other con- 
densations as due to dissociation of hydrogen from carbon in the 
negative group of one molecule and the formation of an unsaturated 
group in the second, under the influence of the specific reagent. 

1 Bfr.» 1908, 86, 8674 ; 1906, 88, 709 ; 1908, 41, 1260. 
* Armalen, 1897, 298, 218. 

u M 
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162 CHAIN AND EING FORMATION 

In the prosent case Olaisen's additive compound Is supposed to 
lose aloohol and the unsaturated group in the nasoent state to unite 
with the dissociated acetic ester molecule. 

/ONa ^^^ 

CH3 . C^OOjHg -•» CH, . C< + CjHgOH 

\0CA ' "^CA 

yONa 
CHj-C + H— CHj . COOCjflfl - OH3 . C(ONa) . OHjCOOCjHj 
'\)CaH5 \)02H5 

^ GH8.C(ONa):CH.COOC2H5 + CaH50H 

The dissociation is enhanced by the presence of negative atoms 
and groups^ so that compounds containing carbonyl, cyanogen, and 
nitro groups more easily undergo condensation. Ifalonic ester, being 
more negative, dissociates more easily into H and GH(C00B)2 than 
acetic ester into H and GH2 . GOOB. 

Those reagents which promote dissociation — acids, alkalis, metals, 
&c. — assist condensation. The same principle is applied to other 
condensations. 

The formation of benzoylaeetic ester, which cannot be well 
explained by supposing that hydrogen is dissociated from the 
nucleus in benzoic ester, is brought under a different scheme. Here 
the unsaturated group is 

yOGjHg 
OeHfi.d— O 

which unites with acetic ester as follows : 

vOGgHg ^XX32H5 

GflHa . G-0 + H— GHj . GOOGaH^ - GeHg . G— OH 

' ' NjHj.GOOGjH^ 

yOGaHa 
GeHg . G-OH - CflHgCO . GHg . GOOG2H5 + G^^OH 

^GHa.GOOGaHfl 

That the same kind of reaction should necessitate such different 
interpretations seems scarcely satisfactory. 
HichaeP has opposed Glaisen's theory for many and various 
1 J, prakL Oiem,, 1888 (2), 87, 507 ; B«r^ 1900^ 88, 8781 ; 1005, 88, 1922. 
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reasons, but chiefly on the ground that no additive compound such 
as daisen describes has been isolated ; that there is no evidence that 
it exists ; that, moreover, the yield of acetoacetic ester is much 
diminished by substituting sodium ethoxide for sodium, whereas the 
reverse would be anticipated. 

» The formation of such an intermediate additive compound is also 
out of harmony with his ' neutralisation law '. This law, which 
is based on energy changes, has already been discussed (p. 60). 
Michael is perhaps more formidable as a critic than as a theorist, for 
his own explanation has a weak pointy inasmuch as he draws a 
distinction between the mechanism of the change effected by sodium 
and that produced by sodium ethoxide. The explanation having 
reference to sodium is briefly as follows. The sodium, which is rich 
in positive potential energy, replaces hydrogen in acetic ester and 
gives rise to the compound CHgNa . GOOG^H^ which isomerises at 
once to 

GH2:G(ONa)OG2H5; 

but the positive energy of the Sodium is still imexhausted, and, in the 
next phase, the sodium acetic ester, which still possesses free positive 
energy, seizes on the carbonyl group of acetic ester, containing free 
negative energy, whereby the metal is so far neutralised that further 
condensation stops. 

>ONa JQ .ONa 

GHg : + GHg . C « GHg . (C-GHa . GOOC2H5 

^OGjHfi \)G2H5 \x32H5 

Finally, a molecule of alcohol is detached. The above change cannot 
be effected by sodium ethoxide, as it possesses less free energy than 
metallic sodium. 

It will be seen that so far as the acetoacetic ester synthesis is 
concerned there is no essential difference between the views of 
Michael and Nel According to Michael, where sodium ethoxide 
is used, a process of polymerisation similar to the aldol condensation 
is induced (see p. 169). This condensation is brought about by the 
free energy of the carbonyl group in the one molecule and the 
mobility of the hydrogen atom, due to the proximity of a negative 
group, in the other molecule. Thus, the union of acetic and oxalic 
ester will be formulated as follows : 

1 J, prakt CKem., 1888 (2), 87, 507 ; 1899 (2), 60, 286, 409. 
* Ber. 1900, 88, 8781 ; 1906, 88, 1982. 
m2 
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164 CHAIN AND RING FORMATION 

)H 

ROOC.COOR + CH3.COOR-ROOC.O CHj.OOOR 

N)CaH5 

The product then interacts with sodium ethoxide and a molecule of 
alcohol is finally detached. 

^Na 
EOOC.d^ — CH2.COOR -•» ROOC.C(ONa):CH.COOR 
HXJ2H5 

In the acetoacetic ester synthecds the sodium compound is formed 
previous to condensation ; in the oxaloacetic ester it takes place after 
condensation. 

A very ingenious and suggestive explanation of this and other 
condensations has been advanced by Lapworth.* Lapworth supposes 
that the substance undergoes ionisation, forming an equilibrium 
mixture of ions. 

Acetic ester will yield the following ions : 

— OHj.c/ +H ii CHa:0<~ +H 

XKJjsHg ^OCaHj 

The presence of a base, by diminishing the concentration of the 
hydrogen ions, will increase that of the negative ions and accelerate 
the change. The first represents the negative ion of an organo- 
metallic compound. Being a weak ion it is capable, by reason of 
its electro-affinity, of uniting with a neutral component,' Le. a mole- 
cule of acetic ester, and of a new complex negative ion thus : 

/^ 

GM3 • C^0Cj|H5 

^03.2. COOC2H.5 

The process may be compared with that by which the alkyl group of 
a magnesitmi alkyl halide attaches itself to the carbon of a carbonyl 
group. The process being reversible, as Dieckman has shown (p. 161), 
the ion may lose its neutral component and break up into two mole- 
cules of acetic ester, or it may form a neutral substance with a positive 
ion, such as sodium, or it may lose the negative ion, — OC2H5, in the 
form of alcohol, and give acetoacetic ester. 

^ TraiM. Cft«m. Soe,, 1901, 70, 1269 ; 1902, 81, 1612 ; Proe. Chm. 5oc., 190S, 10, 
190. 
* See Abe^ and Bodlinder, ZHL anorg. Chem,, 1899, 20, 476. 
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Lapworth baa shown the dose analogy existing between the aceto- 
acetic ester condensation and the Grignard and Beformatsky re- 
actions by condensing oxalic ester and bromacetio ester in presence 
of zinc or magnesium, in the manner already referred to on p. 150. 

Before concluding the subject of the acetoacetic ester synthesis 
reference should be made to the introduction by Claisen of sodamide 
as a condensing agent.^ In the majority of cases its action is quieter 
and more regular than either sodium or sodium ethoxide. It can be 
used in the synthesis of 1 • 8 diketones and for alkylating ketones. 
Acetophenone and ethyl iodide in presence of sodamide give ethyl- 
acetophenona By the action of ethyl chloracetate on ketones, glycide 
esters are formed. The latter reaction is explained by Claisen as 
proceeding in three phases. In the first an additive compoimd with 
sodamide is formed, which undergoes condensation with the ethyl 
chloracetate and is followed by the removal of sodium chloride. 

1. CeH5.C(CH8)(ONa).NHa 

2. CeHfi . C(CH8X0Na)CHa . COOCjHg 

3. CeHfl.C(CH8)CH.COO0aH5 

O 

XodiAed Ac«toao«tic Eft«r Synthesis (--COOC2H5 + CH^X ; 
X -* CO, CN, &c.). It is not essential that the second member taking 
part in the above condensation process should also be an ester. The 
place of carbethoxyl may be taken by a variety of negative groups, 
such as CO in aldehydes and ketones and GN in methyl cyanide 
and its derivatives. The following examples will illustrate these 
modifications. 

By combining acetic ester with acetone, aoetylacetone may be 
prepared. 

CHj.COaCaHfi + CHa.CO.CHa « CHa.CO.CHa.CO.CHa + CgHfiOH 

Aoetylaoetone. 

Benzoic ester and acetone form benzoylacetone. 

CeH5.CO.CH2.CO.CH8 

Benzoylacetophenone (dibenzoylmethane) is formed in a similar 
manner from benzoic ester and acetophenone. 

CeHg. CO. CHj . CO .CeHa 

A variety of other compounds have been obtained by Claisen in a 
similar way. 

1 Ber.f 1906» 88, SOS. 
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166 CHAIN AND BINO FORMATION 

Bing formation is illustnted by the linking of oxalic ester with 
dibcmyl ketone.^ 

COOO,Ha OH, CX)— CH.OjHs 

I + ScO - I \(X) +2C,HjOH 

CXXXIjHa CHj CO— C^C^ 

Oxalic est«r slso condenses in presence of sodium ethoxide with 
methyl eytaude * and benzyl cyanide,* the first reaction taking place 
as follows : 

COOOjHj COOCjH, 

I - I +0^,0H 

OOOCjHj + CHg.CN C0.0H,.C3N 

and the second, 

COOCjHs C,H/3H,CN C0.CH< 

NCgHj 



+ - I ;;r +2c«H80H 

OOOOjHs CjHjCHjCN CO. 



>.CH< 



but the most intereeting reactions of this tjpe are those in which 
formic ester is employed. 

W. Wislicenus* was the first to combine formic ester with 
ketones, and obtained with acetone and acetophenone the formyl 
derivatiyes already referred to (vol. i, p. 192). Formic ester also 
combines with hippuric ester,' 

.NH.COCeHfl 
H.OOOCjHg + HjCK 

\C00C,H5 

<NH.C00eHfl 
+ OJH5OH 
COOC2H5 

and with methyl indole, in which the GHj group derives its negative 
character from the proximity of the double bond.* 

1 Claisen, Ber., 1894, 27, 1858. 

s Fieischhaaer, J. prakt. Ch^n,, 1898, 47, 44. 

• Yolhard, Armaien, 1894, 282, 4. 

« See also Claiaen, Annalmi, 1894, 281, 806. 

• Erlenmeyer, £er.. 1902, 86, 8769. 

• Angeli and MaroheUi, AtH B. Accad. Linc9i, 1908, 16, 790. 
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CHj CH.CHO 

C6H«<^ . CHj + H . COOCsPj - C«H4<(^C .CHg + CjHjOH 

OonAMiMtioiui ivifli 1 . 8<Sik«toaM, OlaiMii's Ketliod. In 
studying the action of formio ester on camphor in presence of sodium 
alcoholste, Claisen* obtained hydroxym^hylme camphor. 

/OH. yO:CH.OH 

CHmO + HCOOCjHj - 0,BuO + CjHjOH 

Camphor. Hydrozymethylene camphor. 

The condensation product poaseBses strongly acid properties and 
forms salts and esters after the manner of acids. 

yCrOH.OM yOrCH.OB 

With acetic anhydride and benzoyl chloride it yields an acetyl and 
benzoyl derivative. But the most significant reactions occur with 
phosphorus trichloride and the bases, ammonia, aniline and methyl- 
aniline. In the first case the hydroxyl is replaced by chlorine, in 
the second, by the radicals of the three basic groups forming amides. 
It follows, therefore, that the new carbon group contains hydroxy], 
and since it can only be represented by the unsaturated group 
»CH(OH), the term hydroaoymethylene has been given to it The 
results of this research led to the discovery of other hydroxymethylene 
compounds possessing still more marked acid properties. By the 
action of acid chlorides on acetoacetic ester or its metallic compounds 
the acyl group may replace hydrogen either in the methylene group 
of the keto form, or in the hydroxyl group of the enol form.' Since 
no acid chloride of formic acid exists, the simplest of the acyl 
derivatives, namely formylacetoacetic ester, could not be obtained in 
this way. Formic ester, which might be employed as a substitute for 
the acyl chloride, does not condense with acetoacetic ester in presence 
of sodium ethoxide, owing no doubt to the formation of the sodiimi 
compound of acetoacetic ester, which would inhibit any further 
reaction. This suggested the use of orthoformic ester, but this 
substance in presence of acetyl chloride condenses in the following 
unexpected fashion, giving diethoxybutyric ester.' 

1 AnmaXmj 1894, 281, 806. 

' The replacement of the radical in the hydroxyl of the enol form la beat 
accompllahed by means of the acyl or jJkyl halide in presence of pyridine. 
* Ber., 1898, 26, 2729. 
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CH3 OU3 

00 CjHjOv 0/ ' ' + H00OC,H5 

1 + >0HOC,H8 - [\OCjH, 
CHj CjHjO^ CHg 

COOCjH, 0000^5 

Diethoxybutyric ester. 

The latter, on distillation, loses a molecule of alcohol and forms eth- 
ozycrotonic ester, the isomer of ethylaoetoacetic ester. 

CHa . . OH, . COjCjH^ - CH3 . CCOOjH^) : CH . COaOaHs + C^RfiiH 

I^ however, acetic anhydride is employed as condensing agent, the 
following reaction occurs, which is shared by other 1 . 8 diketone% 
such as malonic ester, aoetylacetone, &c.^ 

60 00 

I C,H,Ov T 

CHj + >CH00jHfl « C : CH . OOjHj + 20,H50H 

I CACK I 

00 CO 

I I 

These substances represent esters of strong monobasic acids, for they 
are hydrolysed by either water or alkalis yielding the free acid or its 
salt, and are conyerted into amides by ammonia or amines. The 
strength of the acids, as determined from their electrical conductivities, 
is of the order of acetic acid. Olaisen concludes that the group 

CO ~0 — CO, which is present in these substances, may play the part 
of the B atom in a carboxylic acid, a view which is readily under- 
stood by a comparison of the two atomic groupings, the dotted line 
enclosing the equivalent of the doubly linked oxygen in formic acid. 

CH.OH OH. OH 

HydrazymethylMie diketon.. Formic acid. 

The presence of the hydroxymethylene group in these compounds 
is proved, as in hydroxymethylene camphor, by the action of phos- 
phorous chloride, which removes hydroxy], giving the acid chloride. 

CO-C— CO 

I 



h 



3HC1 

1 Atmalm, 1897, 207, 1. 
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On heating the latter with the aodium Bait of the acid, a compound 
having all the characteristios of an anhydride is produced. The free 
acids rapidly absorb oxygen and, on warming, evolye carbon dioxide, 
when the original diketone is regenerated. 

— <X)v — COv 

\C:CHOH + 0= \CHa + COa 

The compounds undergo various other interesting changes, for an 
account of which the original paper must be consulted. 

The use of aldehydes and ketones as participating members in a 
condensation introduces a whole series of closely related reactions, 
among which are included the aldol condensation, Claisen's reaction, 
and the benzoin condensation. These reactions can only be treated 
in a very general way. It should be noted that although the 
mechanism of the change is probably closely related to that of the 
acetoacetic ester synthesis and allied reactions, the result in the 
minority of cases is essentially different, inasmuch as it leads 
indirectly to the separation of water and the formation of a double 
bond between the newly attached carbon atoms. 

The Aldol Oondanaatioii (CO + GHs.GO). This condensation, 
which was discovered by Wurtz,^ occurs between aldehydes and 
ketones, and may be expressed by the following general scheme : 

HC:0 + OHa.C:0-HC(OH).CH.O:0 

I I I III 

A second phase in the process results in the elimination of water and 
the production of an unsaturated compound. 

HC(OH).OH.O:0 = OH:C.O:0 + H,0 

I II III 

The first is the aldol, the second the crotonaldehyde condensation. 
Sometimes the first phase does not Appear and only the second becomes 
manifest. 

The usual reagents, which effect the condensation, are hydrochloric 
acid, potassium carbonate^ potassium cyanide or caustic soda solution, 
and less frequently sulphuric acid, acetic acid, acetic anhydride, and 
zinc chloride. 

The type of all these condensations is the formation from 
acetaldehyde of aldol (hydroxybutylaldehyde) and crotonic aldehyde. 
The first reaction occurs in presence of hydrogen chloride or potas- 
sium carbonate^ and the second either by the action of heat on the 
aldol, or by the direct action of zinc chloride on acetaldehyde. Aldol 

^ Jahnrif., 1878, 449. 
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170 CHAIN AND KING FORMATION 

will condenee again with itael^ giving normal oetylaldol, as Baper 
found.^ 

CH3.0H(0H). CH,.0H(0H).0Ha.CH(0H),CH2,CH0 

Ootylaldol. 

The production of mesityl oxide and phorone by the action of hydrogen 
chloride on acetone* is another example of the crotonaldehyde con- 
densation. 

CH3 CH3 

OO + CHg.OO.CHa « CiCH.OO.CHa 

Hesityl oxide. 
CH3 CH3 CH3 OH3 

C:CH:00.CH3 + C0 - C;OH.CO.CH:0 

CH3 CH3 OH3 OH, 

Pborone. 

The reaction has also been used for preparing unsaturated cyclic 
compounds. Diacetylbutane and strong sulphuric acid yield methyl* 
cydopentene methyl ketone.* 

^OrL^ • GM2 • CO • CI13 XjQ^ • C • CO • CH3 

CHa -^ OTa I! 

XJHj . CO. CH3 NjH,. C. CH3 

Diacetylpentane gives in the same way methyltetrahydrobenzene 
methyl ketone.* 

Claisen's BtMtion. A special interest attaches to the use of 
dilute sodium hydroxide solution as condensing agent, which was 
first employed by Schmidt '^ and afterwards studied by Claisen.* 
Condensations between aldehydes and a variety of aldehydes and 
ketones have been e£Fected by this reagent. The syntheses of erythrose 
from glycollic aldehyde (voL i, p. 299) and fructose from glycerose 
furnish examples of this process (voL i, p. 811). 

CH,{OH)CHO + CHj(OH)CHO « CHa(OH) . CH{OH) . CH(OH) . CHO 
Gljcollie aldehyde. Erythrose. 

1 Raper, J, Amar. Otem, 80c y 1907, 91, 1881. 

* Baeyer, AnnoUm, 1866, 140, 297. 

> Marshall and Perkin, IVaiw. Chem, Soe., 1890, 67, 241. 

* Kipping and Perkin, Trans. Chmn, Soe., 1890, 67, 14. 

* Ber., 1880, 18, 2342. • £»-., 1881, 14, 2471. 
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In many oases the aldol phase is lost, and only the second phase 
appears. Claisen found that benzaldehyde and acetone in presence 
of sodium hydroxide solution (10 per ceni) yield benzylidene and 
dibenzylidene acetone. 

0,H,CHO + CH3.00.CHs-CeH,.CH:CH.OO.CH3 + H80 

Benzylidene acetone. 

C«HflCH:CH.C0.CH8 + 0HCCeHa -•► CeH5CH:CH.C0.CH:CHCeHa 

Dibenzylidene acetone. 

With o-nitrobenzaldehyde and acetone, Baeyer and Drewsen^ 
succeeded in arresting the action at the first stage and obtained the 
nitrophenyllactyl methyl ketone, which by boiling with acetic anhy- 
dride is converted into the unsaturated compound. 

NOAH4CHO + CH3 . CO . CHj -•► NOaCeH4CH{OH)0HaCOCH3 

Nitrophenyllactyl methyl ketone. 

-► NOjCeH^CH-.CH.CO.CHj 

Nitrobenzylidene acetone. 

In this condensation an excess of alkali is to be avoided, otherwise 
indigo is formed. 

If the new compound obtained by means of this reaction is an 
aldehyde, like cinnamic aldehyde (which is formed from benzaldehyde 
and acetaldehyde), the process of condensation may be repeated. 

CtfHftCHO + CHj . CHO - CflHj . CH : CH . CHO + HjO 

As Einhorn and Diehl' have shown, cinnamic aldehyde may un- 
dergo a second condensation with another molecule of acetaldehyde 
or acetone. 

CeH5CH:CH.CHO + CH3.CHO -* CeH^CH : CH . CH ; CH . CHO 

This method of condensation has received an interesting technical 
application in the preparation of ionone — a substitute for essence of 
violets, the sweet-smelling principle of which it closely resembles 
both in structure and perfume. Ionone was prepared by Tiemann 
and Eiilger' from citral, an aldehyde contained in citron and lemon- 
grass oil (vol. i, p. 627). Citral and acetone condense in presence of 
baryta solution to form pseudo-imone, which is converted in turn into 
a mixture of a- and jS-ionone on boiling with sulphuric acid. 

(CH3)3C:CH.CH2.CHa.C(0H3):CH.CH0 + CH3.CO.CH3-#^ 
(CH3)3C:CH.CH3.CHa.C(CH3):CH.CH:0H.CO.CH3 

The conversion of pseudo-ionone into «- and )8-ionone may be sup- 

1 Br., 188S, 15, 2867. • Ber., 1886, 18, 2820. 

« Ber,, 1808, 81, 808. 
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posed to tftke place by the addition and subsequent removal of tyro 
molecules of water. 

CHs CH, 

C(OH) 
HjC/ jOH,.CH:CH.CO.OH8 

H,cl)o(OH)CH8 

H,c/\0H.CH:CH.CO.CH3 Hj,c/\o.CH:CH. OO.CH, 

H,<iJo . CHg Hjoljc . CH, 

<m CH, 

o-Ionone. /S-Io&one. 

Irone, the perfume itself is represented by the formula * 
CHs CH* 

Y 

' HC/\CH.CH:CH.C0.CH8 

HcljoH.CHa 

CHj 

Irone. 

Another example of cyclic formation is furnished by the conversion 
of citroneUal into isopulegol.* 

(OH,)j : CH . OH, . CHj . CHCCHj) . CH, . CHO 

- (CH3)80 : C<^"j>CH . CH3 
(HO)HC ^CH, 

Like the aldehydes, diketones may undergo condensation with other 
ketones, and Japp ' and others have succeeded in forming products 
by combining benzil and phenanthraquinone with acetone, &c. An 
interesting application of the same reaction is due to yon Pechmann,^ 
who prepared quinones of the benzene series by a similar process. 

1 B«r., 1891, 26, 2676. > Tiemann and Schmidt, Bit., 1806, 20, 918. 

• B$r., 1888, 16, 276, 282. « Bar., 1888, 21, 1417, 1896, 28, 1846. 
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Thus, diacetyl and sodium hydroxide gave first the intermediate 
product dmethylquinogm and by internal condensation ^^^loquinone. 

CH3.CX).CO.CH8 CH3.C.CO.CH8 

CHj .CO . CO . CHa HC . CO. CO . CHj 

Diaoetyl. Dimeihylquinogen* 

CHs-O.CO.CHg 

HC.CO.C.CHj 

p-Xyloquinone. 

Acetyl propionyl formSy in the same way, duroquinone. 

SnoeTMiagel's Beaotioii (CO + CHgX ; X - CO ; CN ; NOg, &c.). 
Among the earlier attempts to bring about condensation of aldehydes 
and ketones with 1 . 8 diketones and ketonic esters is that of Claisen,^ 
who, by the use of hydrogen chloride, succeeded in obtaining con- 
densation products with acetaldehyde, benzaldehyde, and acetoacetic 
ester of the formula : 

B« CJtl^ 

^C.COOCgHa 
CH3.CO/ 

Much more e£Fectiye reagents for this purpose are ammonia and the 
primary and secondary bases, and even glyoocoU and other amino 
acids can be used in some cases.* 

Japp and Streatfeild ' were the first to employ ammonia to condense 
phenanthiaquinone and acetoacetic ester. 

XO.CH3 
CeH..CO yCO.CH, C3H..0:0< 

I I +CHi< -..I I \3OOCJS, 

CeH^ . CO XJOOCjiHj CeH^ . CO 

In 1898 Enoevenagel * carried out a much more complete investi- 
gation, in which not only ammonia, but diethylamine, piperidine and 
aniline were used with success. Thus, benzaldehyde, in presence of 
small quantities of diethylamine, condenses with acetoacetic ester 
when cooled in a freezing mixture, forming benzylidene acetoacetic 
ester, that is, the compound which Claisen obtained with hydrogen 
chloride. 

<0.CH3 
OOCjHj 

I Annaim, 1888, 218, 172. > Dakin, Joum, Biol, Chm.j 1909, 7, 49. 

* Tram, Chem. Soe,, 1888, 48, 27. 

« AfmokHf 1894, 281, 26 ; Btr., 1904, 87, 446. 
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174 CHAIN AND RING FORMATION 

This example may serve as the t3rpe of a very general process in which, 
on the one hand, aldehydes and ketones may be used, on the other hand 
a variety of 1 . 3 diketones and ketonic esters, namely malonic ester, 
benzoylpyruvic ester, benzoykcetic ester, acetonedicarboxylic ester, 
barbituric acid, tetronic acid, acetylacetone, benzoylacetone, cyan- 
acetic ester, and also succinic ester. Stobbe ^ obtained the following 
by condensing acetone with succinic ester : 

>C:C.COOCjHa 



OH/ J^ 



JHj . OOOCjHj 
Acetone also condenses with cyanacetio ester.' 
CH„ 



>CO + HsC< = >C:0< +H,0 

CH3/ NcOOOjH, CH,/ NDOOCsHj 

Aldehydes condense with cyanaoetamide,' 

E. CHO + CHj.CN -♦ B.CH :C.CN 

CONH, CONHj 

and with indene as follows : * 

CHg CH.CH(0H).C,H8 

CH OT 

Aliphatic and aromatic nitro-eompounds may replace the 1 . 3 
diketone,* 

R. CHO + B» . CHj . NOj - RCH : CR» . NOj + HjO 

and 2 . 4-dinitrotoluene condenses with benzaldehyde, 

C,H, . CHO + OH, . C,H,(NOj), -* C,H, . CH : CH . C,Ha(NO J, 

Phthalic anhydride undergoes condensation like a ketone.' 

CO C:CH.NOs 

+ HjO 



C,H4/)>0 + CH3NO, - C,H,<f> 
CO CO 



> Ber., 189S, Se, 2812; 1891, 27, 2405. 

> Perkin and Haworth, Tram. Oim. Soc., 1908, 98, 1944 ; 1909, 98, 480. 

* Gabriel, Ar., 1908, 36, 670. 

* Harckwald, Ber., 1896, 28, 1601. 

* Ber., 1899, 82, 1298. • Gabriel, Btr., 1908, 86, 670. 
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In the same category may be indaded such reactions as that of 
benzaldehyde on acetic ester, giving cinnamic ester, 

OeHfi . OHO + OH3 . COOCaHg « OffifiB. : CH . COOC2H5 + HjO 
and the condensation of a-methylpyridine and a-methylquinoline 
with aldehydes and ketones, the acidity of the methyl group being 
determined by the adjoining ON group. 

CH CH 

HOji^CH HC/N3H 





.CH8 + CHO.CH3 Hdl JC.CH:CH.CH, 



The formation of leucobenzaldehyde green is another example of 
the same process. 

CcH,CHO + 2CeH5N(CH3), -> C^Hs . CH[CeH,N(CHgU 

The action of formaldehyde requires special mention, since its 
peculiar reactivity causes it to enter into a variety of combinations. 
With malonic and acetoacetic ester it behaves like benzaldehyde, 
losing oxygen and combining with two molecules of the ester (see 
below). 
2CH2 . (OOOCjHJa + CHjO = (CaH^OOQaCH . CH, . CHCCOOCaHfi)^ 

It also unites with two molecules of benzene and its derivatives in 
presence of sulphuric add or other dehydrating agent, with loss of 
oxygen, forming a diphenylmethane compound,^ 

2CeHe + CHfi « 0^3^ . CHj . CeHg + H^O 
Under other conditions (e.g. in alkaline solution), however, it under- 
goes the aldol condensation. With ordinary phenol it forms a mixture 
of ortho and para hydroxybenzyl alcohol.* 

yCHjOH 

CeH50H + CH20 = C,H4< 

^OH 

With nitroparaffins it behaves similarly, two molecules of formalde- 
hyde combining with nitroethane in the following way : ' 

CHg . CHa . NO2 + 2CHaO = CH3 . 0(CHaOH)aNOa 
and with a piooline it forms the derivatives ^ 

C5H4N . CHaCCHaOH) and C5H4N . CH(CHaOH)a 

1 Baeyer, 1878, 6, 25, 280, 1094; Bimon, Annolm, 1908, 820, 80; Boehm, Ber., 
1904 87 4461. 

* kanasse, her., 1894, 27, 2409. 

• Henry, Bee. trav. chim. Pajfe-Bae., 1897, 17, 189; Piloty, Ber., 1897, 80, 8161. 
« Koenigs and Happe, Ber., 1902, 80, 1848 ; 1908, 86, 2904 ; Lipp and Biehard, 

Ber., 1904, 37, 787. 
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176 CHAIN AND RING FORMATION 

In some oases two molecules of the 1 • 8 diketone condense with 
the aldehyde if the process is conducted under modified conditions. 
Thus, benzaldehyde and acetoacetic ester condense in presence of 
diethylamine, if the reaction proceeds at the ordinary temperature, to 
form benzylidenediacetoacetic ester. 

vCO.CHo 
,CH< 

CflH5CHO + 2CHa< -OeH5CH( +HaO 



\cOOC8H5 

Compounds of this character, which may be described as 1 . 5 di- 
ketones, are capable of internal condensation in presence of alkalis or 
hydrochloric acid, and a variety of cyclic compounds have been built 
up in this manner, of which the following is an example.' Alkyli- 
denediacetoacetic ester undergoes inner condensation with alcoholic 
potassium hydroxide, and, on hydrolytis, loses carbon dioxide and 
yields the cyclohexenone derivative* 

CHs . CO . CH . OOOCjHa CHg . C-CH . COOCaH^ 

CHR -^ dn CHR 

CHa . CO . CH . COOCjHfi CO-€H . COOC^^ 

CHj.CCHj 

-^ Hc/~\CHR 

CirbHa 

An analogous reaction to the above is the formation of isoacetophorone 
from acetone and lime. 



CHji aCHj.CO.CHj CHs CHj.CO.CHj 

>c|o i " >< 

CHji HiCHj.CO.CH5 CH, CHj.OO.CHs 

Acetone. Intermediate product. 






CH, CH.CO 

C/~~~\3H 
CH, CHTO.CH, 

Isoacetopboron.. 



I Amdlm, 1804, 981, 36 ; 1896> S88, SSI. 
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Enoevenagel explains the action of the condensing agent on the 
assumption tiiat the aldehyde first unites with the base. Benzalde- 
hyde and piperidine combine as follows : 

OeH^CHO + 2O5H10NH - CeH5CH(NC,Hio)a + H.O 

The product then interacts with the diketone and regenerates the 
base, which thus plays the part of a catalyst, 

CaH50H(NCaHio)2 + CH3 • CO . CHj . C00C,H5 

<0.CH3 
+ 2C5H10NH 

Another explanation based on ionisation (p. 164) has been adTanced 
by Hann and Lapworth,^ in which the acetoacetic ester forms an 
equilibrium mixture of the following ions : 

OH,, c6:CH. C00CgH5+H i:: CHj. CO. 6h. COOCjHj + fi 

The latter would then combine with the molecule of benzaldehyde 
as neutral component (see p. 164) from which, by elimination of 
a hydroxyl ion, benzylidene-acetoacetic ester would be produced. 

CH3. 00. CH. 0000^5 . CHs.CO.O-COOgHa 

I , +H^ II +H,0 

CeHftCHO CeHfiCH 

The effect of the base might be to remove hydrogen ions by forming 
the complex NBBH, or introduce hydroxyl ions and thus increase 
the concentration of the organic ions. 



Oondtnaation. The action of potassium cyanide on 
aromatic aldehydes is a peculiar one. and may be represented by 
the oldest example — the formation of benzoin from benzaldehyde 
and alcoholic potassium cyanide — ^which was first studied by liebig 
and W6hler.' 

CeHgCOH 0«H5 . CH . OH 

CeH^COH CeHj.OO 

Benzaldehyde. Benzoin. 

The reaction bears a close resemblance to the aldol condensation. 
The specific action of the cyanide, which differs fundamentally from 
that of the caustic alkalis or sodium ethoxide (which produce benzyl 
benzoate or a mixture of benzyl alcohol and benzoic acid), has 
received various explanations,* the most plausible of which is that 

1 Trmu. Ckmn. Soe., 190i, 86, 46. • Annaim, 1882, 8, 376. 

• Knoerenagel, S^r., 1888, 21, 1846 ; Nef, JntkOm, 1897, 208, 812. 
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of Lapworth.^ He suggests that the benzaldehyde forms a cyan- 
hydrin with potassium cyanide, which then condenses with another 
molecule of benzaldehyde, hydrogen cyanide being finally elimi- 
nated. 



CeH, an^ 



CeHj CgHg 



HO.CH + CH:0 » HO.C CH.OH 

CN ON 



OeHj CeHfi 



I I +HCN 

O ; C CH . ( 



.OH 



Pi&aooae Condensatioai. A reaction not unlike that which pro- 
duces aldol and benzoin, and which was first observed by Fittig,' 
is brought about by the action of neutral, alkaline, and occasionally 
acid reducing agents on aldehydes and ketones. In addition to 
primary and secondary alcohols, this reaction gives rise to substances 
known aApinacones. In this reaction the molecules of the original 
compound become linked by the aldehyde or ketone carbon atom ; at 
the same time two atoms of hydrogen are taken up. The compounds 
are in fact secondary or tertiary glycols. The following examples 
will illustrate the process : 



C^aOOH 

+ +Hg 
OeH,COH 
Benzaldehjde. 

CHj.CW.CHs 

+ +Hj 

CHa.OO.CHa 

Acetone. 

CcH5.CO.OeH5 

+ +Hj 

CgHs . CO . CqH^ 
Benzophenone. 



CeH^CH.OH 

CeHftCH . OH 

Hydrobenzoin (and 
Isohydrobenzoin). 

CH3.C(0H).CH8 

CH3.C(0H).CHs 

Totramethylethylene glycol. 

C,Hj.C(OH).0^, 



j.V 



C,H5.C(0H).e,Hj 

Benzpinacone 
Tetraphenylethylene glycol 



The first of the above reactions occurs only with aromatic aldehydes 
and a few of the higher aliphatic aldehydes ; the two latter are alike 
shared by aliphatic and by aromatic ketones. The reaction has been 

1 Trans,y 1908, 88, 996. 

' Amuaen, 1868, 110, 26 ; 1869, 114, 64. The name pinacMie baa referenee to 
the tabular fonn of the orjratals obtained from acetone (v^ • table). 
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PINACONE CONDENSATION 179 




used for internal condensation, as, for example, in the preparation of 
dimethyldihydrozy-cycloheptane from diacetylpentane.^ 

j.OHa.CO.CHs >CH,.CHa.0(0H).CH3 

SHa.CO.OHs "^ ^CHa . CHj . C(OH) . CHj 

The reduction is usually efFected by sodium amalgam, the aluminium- 
mercury couple^ zinc and acetic acid, or zinc and hydrochloric acid. 

No very clear explanation of the mechanism of the process is yet 
forthcoming. The action of sodium on aldehydes and ketones has 
been studied by Fittig, Beckmann and Paul, and also by Freer, and 
may possibly throw some light on the subject Kane, early in the 
nineteenth century, found tiiat potassium liberates hydrogen from 
acetone and forms a compound CsH^OE, and more recently Freer' 
stated that he had obtained a similar compound by the action of 
sodium, to which he assigned the formula CH8.C(ONa):GH2. 
Fittig's' observation that sodium acts upon acetone with the pro- 
duction of a sodium compound of pinacone receives a ready inter- 
pretation if we assume that two moleciiles of a nascent sodium 
acetone become linked in process of reduction. 
CH3.C(ONa).CH8 

CH3.C(ONa).CH8 
Beckmann and Paul * have shown in the same way that benzaldehyde 
and benzophenone form sodium compounds which are decomposed 
by water. 

CeHjCOH Na CeH^CH.ONa CeHjCH.OH 

+ + -^ I +H2O -•► - I 

CeHftCOH Na CeHgCH.ONa C^BfiR.OB. 

Benzaldehyde. Hydrobenzoin. 

(CH^CO Na (C,Hj),C.ONa (CHJjC.OH 

+ -► >0 +H,0 -► I 

(C,HJ,00 Na (o,H.)/Na (O.H,),C.OH 

In the latter case benzhydrol is also formed. 

According to Schlenk* the formula of the sodium compound of 
benzpinacone has half the molecular weight assigned by Beckmann 
and Paul, and containa tervalent carbon (p. 7). 



(CeH,)86.0Na 



^ Kipping and Perkin, Trans. ChmL 80c, 1891, 69, 214. 

* Anur. CSiem. J., 1898, 16, 682 ; see also Taylor, Trant, Chtm, 8oe., 1906, 80, 1268. 

• AmuOm, 1869, UO, 26 ; 1860, U4, 64. 

« Amudenj 1892, 266, 1. ' > Ber., 1911, 44, 1178. 

n2 
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PttrUa'0 BMoiicm. The history of this interaeting reaction dates 
from Perkin*s qmthesis of coamarin in the year 1868.^ Coumarin, 
the sweet-smelling principle of woodruff and hay, was found to 
decompose, on fusion with potassium hydroxide, into salicylalde- 
hyde and acetic acid, 

C^HeO^ + 2HgO « C^HeO, + OJUfi^ 

Coumarin. SalicylAldehyde. 

from which the natural conclusion was drawn that coumarin was 
the anhydride of aoetylsalicjlaldehyde. 

.CHO ^00 

' MXJgHsO "^ * ' MXKJHa 

By heating sodium salicylaldehyde with acetic anhydride, coumarin 
was, in fact, obtained. The eyidence seemed condusiye until it was 
discovered that acetylsalicylaldehyde is unchanged by acetic anhy- 
dride, although, with the addition of fused sodium acetate, coumarin is 
readily produced. The formula assigned by Perkin, which represented 
coumarin as a deriyative of acetylsalicylaldehyde, was disputed by 
Fittig, who could not reconcile it with the constitution of coumaric 
acid, of which it is the anhydride ; for coumaric acid must then form 
coumarin by the remoyal of hydrogen from the benzene nucleus, 
a process which seemed difficult to reconcile with the properties of 
the compound. 



CH ^00 



> OHg MyO • Olig 

Fittig preferred to base his yiew of its constitution on a reaction 
discoyered by Bertagnini * for the preparation of cinnamic acid, which 
consisted in heating benzaldehyde and acetyl chloride. 

CeH4CHO + CH,.0Oa-0eHflCH:CH.COOH + Ha 

The formation of coumarin might be explained in an analogous 
ftshion. 

Ca CHj.OOv ^Na 

+ >0-t^CeH4< +CH8.000H 

OHa.CXK \0H:0H.COOH 

C^R^/C +CH3.000Na-#^C«H4< 1 +HaO 

^CHrCH.OOOH XIH:CH.OO 

The formula for coumarin as the inner anhydride of o-hydroxydn- 
1 Drum. Chm. Boe., 1868, 21, S8. > Annakn, 18S6, 100, IM. 
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namic aoid is now universally accepted.^ In 1877' Perkin published 
a new method for preparing oinnamic aoid and analogous compounds 
by means of a reaction of very general application which now bears 
his name. It consists in heating a fatty or aromatic aldehyde and 
the anhydride of a fatty acid» together with its sodium salt, to 180^ 
for several hours. The formation of cinnamic add from benzalde- 
hyde, acetic anhydride, and sodium acetate was explained by Perkin 
on the assumption that the anhydride acted upon the aldehyde in the 
following manner : 

OHj.OOv CeHfiOHiCH.COy 

2GeH5CHO + >0 = >0 + 2HoO 

CHs . C(K C5H5CH : CH . 00^ 

The view was^ however, opposed to the observation of Qeuther and 
Habner, who found that benzaldehyde and acetic anhydride yield 
bensylidene acetate : 

CHg.COv ^O.OC.CHo 

0«H,. CHO+ >0 - C«H,. CH< 

CHj.CCK N).00.CH8 

To settle the question, Perkin heated benzaldehyde and acetic 
anhydride with sodium propionate and obtained cinnamic acid, 
whereas with propionic anhydride and sodium propionate, phenyl- 
crotonic acid was formed. Perkin assigned to phenylcrotonic acid 
the formula, . 

OeHs.OHiCH.CHa.COOH. 

By the interaction of benzaldehyde, succinic anhydride and sodium 
succinate, a second or isophenylcrotonic acid was subsequently pre- 
pared by Perkin, the formation of which received the following 
interpretation : 

OeHjCHiOj OeH^.CH 

CJ 



OlHoOOOH - C.(X)OH + HaO + CX)g 

CHa. iOOOjH CHj 



Fittig,' who had been engaged in a careful study of the unsaturated 
acids, was unable to reconcile the properties of the two phenylcrotonic 
acids with the respective formulae assigned by Perkin. The «^ 
unsaturated acids possess the following properties in common: 
the additive compounds with hydrobromic acid, when heated in 

1 Aooording to Michael (J, prakL Ckm,, 1899, 60, 868) Strecker WM the flnt to 
propoM this formula in his Lehrhueh. 
> 2V»fia. Ckm. 3cc., 1877, 88, 889. > Bar., 1894, 87, 8868. 
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aqueous Bolution, either lose hydrogen bromide and pass back into 
the original compound, or the bromine atom is replaced by hydroxyl, 
whilst in alkaline solution, carbon dioxide and hydrogen bromide 
are removed, and an unsaturated hydrocarbon results. )8-bromo- 
phenylpropionic acid reacts in the following way : 

1. CeH^CHBr.OH,. OOOH - Ofif^. OH :CH, CJOOH + HBr 

2. C^HftCHBr • OHg . OOOH + H,0 

- CHjCHCOH) . CHg . OOOH + HBr 
8, OeHjOHBr . OHg. COONa « CeHjCH : CH, + NaBr + CO, 

It was the fiist and not the second phenylcrotonic acid which behaved 
in this way and gave with sodium hydroxide solution the unsaturated 
hydrocarbon, methylstyrene, CeH^OH : OHCH3. The two formulae 
must consequently be reversed. It follows, therefore, that in the 
reaction between benzaldehyde and propionic acid, it is the a-carbon 
of the acid which attaches itself to the carbon of the aldehyde 
group.* 

In order to follow the phases of the second reaction, Fittig and 
Jayne* repeated Peridn's experiment with benzaldehyde, succinic 
anhydride, and sodium succinate, but at a temperature of 100^ instead 
of 180^, with the following interesting results : no carbon dioxide 
was evolved, but phenylparaconic lactone was formed, which, on 
heating, evolved carbon dioxide and yielded isophenylcrotonic acid. 
Fittig explained the changes as follows : 

OOOH OOOH 

CeHfiCHO + CHj.CHg ^ CeH5CH(0H).CH.CH, -* 

COOH OOOH 

OOOH 

C«H5 . OH . OH . CHa -t^ CeHftOH : OH . CHjOOOH + 00^ + HjO 

i io 

Phenylpftnconio Uetone. Isophenylorotonio add. 

The production of a hydroxy compound, which, as in the aldol 
condensation, Fittig assumed to represent the first phase of the 
process, was rendered still more probable by the formation of phenyl- 
hydroxypivalic acid from benzaldehyde and sodium isobutyrate in 
presence of acetic anhydride.' 

^ This yiew had already found exprettlon in MarkownikofTt law, Atmaienf 
ises, 146, 848, and had been farther inabted on by Michael {Ber., 1878, 11, 1016). 
• AmuOm, 1882, 316, 97. « AnntUmj 1889, 216, 115. 
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CH3 OH3 

CcHj • CHO + CH . COONa - OeHj . CH{OH) • . COONa 

OHj OH, 

Phenylhydroxypiyalio aoicL 

Fittig found, moreoyer, that in the preparation of phenylparaoonio 
lactone at the lower temperature, acetic anhydride may replace with 
advantage succinic anhydride^ and this led him to infer that it is the 
aldehyde and the sodium salt which interact, and not, as Perkin had 
assumed, the aldehyde and anhydride. By conducting the process 
at 100^ he in fact obtained, from benzaldehyde, sodium propionate 
and acetic anhydride, phenylcrotonio acid, and from sodium butyrate 
and acetic anhydride, phenylangelic acid. The fact that Perkin had 
obtained cinnamic acid from benzaldehyde, acetic anhydride, and 
sodium propionate now receiyed a simple explanation, for if the 
reaction is conducted at 100°, the sodium salt of the acid reacts, 
whereas at 180° double decomposition will occur between the acetic 
anhydride and sodium propionate or sodium butyrate, yielding sodium 
acetate and propionic anhydride or butyric anhydride. The sodium 
salt then produces, with benzaldehyde, cinnamic acid. Fittig's view 
receiyed apparent confirmation from the experiments of Stuart,^ who 
prepared analogous compounds with malonic and isosuccinic acids, 
both of which are incapable of forming anhydrides. Fittig then drew 
the following conclusions: Perkin's reaction occurs between the 
aldehyde and the sodium salt of the acid in two stages ; in the first 
a hydroxy compound is formed, condensation taking place between 
the aldehyde and a-carbon of the acid ; in the second, water is 
eliminated. In the case of polybasic acids a lactone may be formed 
from which water and carbon dioxide can be remoyed on heating. 
In spite of apparently conyincing proofist, Perkin' did not relinquish 
his original yiew that the interaction takes place between the anhy- 
dride and the aldehyde, a yiew which is also shared by HichaeL 
Perkin pointed out, for example, that the formation of phenylangelic 
add on heating a mixture of benzaldehyde, sodium but3rTate, and 
acetic anhydride to 100° does not proye that combination occurs 
between the aldehyde and the sodium salt ; for, in the first place, 
cinnamic acid cannot be formed under any circumstances at this 
low temperature, and secondly, the sodium salt and acetic anhydride 
react readily at 100° to form sodium acetate and butyric anhydride 
and the same is true of the salts of other higher fatty acids.' Perkin 

1 Ber., 1888, 16, 1486. > TVavu. Cknn. Soc, 1886, 47, 817. 

s Michael, J. pniM. CKem. 1899, 60, 864. 
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suggested that in the preparation of cinnamic acid, the benzylidene 
diacetate, which is produced by the interaction of benzaldehyde and 
acetic anhydride, and which is known to decompose into cinnamic 
acid, may undergo isomeric change and then lose a molecule of acetic 
acid. 



yOCOOHj >0 . CO . CH3 

XKJOOHj ^CHj.COOH 



-♦ CeH5.CH:CH.COOH + CjH40, 

Perkin'a theory of the process bears a strong resemblance to that 
recentlysuggested by Claisen^ toexplain theaoetoacetic ester synthesis. 
These conflicting results are difficult to adjust, and the question of 
the course of the reaction must be left for the present undecided. 

Thorpe's Baaction. A very different reaction from the foregoing 
has already been referred to in the introduction to this chapter, namely 
one involving isomeric change between molecules or parts of a mole- 
cule, a reaction which has been introduced and elaborated by Thorpe 
and his co-workers.' To take a simple case, sodium cyanacetic ester 
combines with cyanacetic ester as follows : 

CoHfiOOO.CHo 

+ HCNa(CN).C00C,H5 



L 



CjHflOOC.CH, 

q : NH) . CNa(CN) . COOCjH^ 
A similar reaction takes place when a cyanogen group is rendered 
acidic by attachment to a benzene nucleus : 

CeHfiCN + HjCCCN) . COOCaHg - CeH^ClNH) . CH(CN) . COOO^Hg 
Benzyl cyanide, which may be substituted for the molecule of cyan- 
acetic ester, condenses in presence of sodium ethozide in a similar 
fashion; 

CeH^CN + H^qCNAH, - CeH50(NH)CH(CN)CeH5 
These reactions serve admirably for preparing cyclic struetures, 
provided two cyanogen groups are suitably situated within the 
molecule. 

On heating an alcoholic solution of o-zylylene cyanide with a 
little sodium ethozide, ring formation at once takes place, with the 
formation of a cydopentane ring : 

1 Ber., 1908, 86, 8674 ; 1906, 38, 709. 

• Trans. Chem. Soc, 1904, 86, 1786; 1906, 68, 1906 ; 1907, 91, 678^ 1004 ; 1908, 
83, 166. 



Digitized by 



Google 



THORPE'S REACTION 186 

C. ON yCHav 

^ OeHZ J>C:NH 
..ON \h(CN) 

and otS-dicyanovaleric ester (tetrameihylene cyanide not being avail- 
able for the purpose) gave a corresponding compound. 

CHg. CHa . ON OH, . CH(ON) 

I _^ I \3:NH 

OHg.CH.CN CHg.CH 

COOCjHfi COOOjHs 

These compounds are readily hydrolysed by heating with dilute 
sulphuric acid, the C : NH group exchanging NH for oxygen. In the 
last example hydrolysis converts the cyanogen group into carboxyl, 
which along with that of the ester group is removed and cydopen- 
tanone is formed. 

CH, . CH(COOH) CHa . CH« 

I \C:NH -•► I \00 

OHj . OH(OOOH) CHg . CH, 

Naphthalene derivatives have also been .obtained by condensing 
benzyl cyanide with sodium cyanacetic ester and then heating the 
product 

OH, OHg 

SO:NH /N/\0:NH 





3H . OOOO2H5 Is^ X /*CH . COOC2H5 

l:NH 

With concentrated sulphuric acid the latter passes into the di- 
amino-compound and, finally, on hydrolysis of the ester group and 
heating, into naphthylene-diamine.* 

OH OH 

I.NH, /N/No.NHg 

3H.OOOO2H5 ^ \J\/^^ 
NH, O.NH, 

Refxbxncxs. 

Die syniheiUehm Jhinidlungmntihodm der Kohlenslqff-rerffindungm, by K. Elba. 
Barth, Leipzig, 1889. 
Syn/JMiscAe Methodm der arganiBehm Oernie, by T. Posner. Leipzig, 1908. 

1 IZVofif. aim. Soc, 1907, 91, 1687 ; 1909, 96, 961. 
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AfUittmstModm fOr oirfftmi»ek-<himi§ch9 Laboratorim, 8rd ed., by LftHar-Gohn. 
YoM, Hambarg^ 1902. 

DU MWnodm der organi$ekm Ch0mU, toL ii, part i, by Th. WeyL Thieme, 
Leipzis, 1911. 

II. UNION OF OARBON AND NITBOGEN 

OftrlMni-lHtrogMi Oludn Pomiatioii. In order to understand the 
prooesses underlying ring formation in heterocyelie oompounds con* 
taining nitrogen, it is desirable to consider first the yarious reactions 
which determine the simple linking of carbon and nitrogen. Oom- 
pared with methods of union of carbon and carbon the number is 
much more restricted and the attachment generally less stable. 

•abstitntioii Methods. It is not always easy to di£ferentiate 
between reactions effected by replacement and by addition. 

1. For example, the action of alkyl iodide on an amino or imino 
group, which appears to be one of simple substitution, cannot be 
explained in this way. Nitrogen, being more electronegative than 
carbon, should attach hydrogen more firmly, nevertheless alkyl 
halides have no action on paraffina But if we suppose an additive 
compound to be first formed and hydrogen iodide then removed, the 
process becomes more intelligible. 

CH3 

— NHj + OHal -* — NHj -* — NHOHj + HI 



Other reactions leading to the union of carbon and nitrogen by 
replacement are : 

2. The action of acid chlorides on amino- and imino-compounds, 
giving amides. 

8. The action of ammonia and amino-compounds on esters with 
elimination of alcohol, and, in some cases, on adds with separation of 
water, giving amides. 

4. The action of amino- or imino-compounds on unsaturated 
alcohols (tautomeric diketones and ketonic esters). 

>0=C(OH) + HN< -^ >C=C— N< + HjO 

6. The action of aldehydes and ketones on amino-compounds and 
hydrazines, giving unsaturated compounds by removal of water. 
>CO + HjN— -^ >C:N— + HaO 
6. The action of nitroeo-compounds on the CH^ group suitably 
situated. 

>CH, + ON— -♦ >C:N— + HaO 
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Additive Xethodtf. Among the methods are : 

1. Beaetions'by direct addition of unsaturated compounds, as in the 
formation of pyrazole from acetylene and diazomethane, 

CH CHj CH=CHv 

Acetylene. Diazomethane. Pyrazole. 

2. Beactiona involving intermolecular isomeric change of the 
following general form : 

NHj + CN^HN.CrNH 

II II 

This reaction has been frequently applied in ring formation, as in 
the case of amino-indole, which is prepared from o-amino benzyl 
cyanide in presence of alkalis ; ^ 

OHa ^ CH 

)C.NH2 





ra^ NH 

8. Another reaction of the same type is that of the union of 
a saturated amino-compound with an unsaturated acidic group. 

-NHj + >C:C< = NH.O-CH 

Piperidine combines with fumaric and other unsaturated esters.* 

HC . COOC2H5 C5H10N . HC . COOOaHg 
O5H10NH+ jl = I 

HC . COOC2H5 HjC . COOCjHs 

4. Intramolecular change effected by Beckmann'a reaction (vol. i, 
p. 218), is one which has also been used in ring formation.' The 
oxime of cyclopentanone gives piperidone, 

CHa— CHa CHj— CHji— CO 

I J>0:NOH ^ I I 

CHa-CHj CHg— CHj— NH 

Cyclopentanone oxime. Piperidone. 

BtaUlitjr of Carbon-Hitrogan Chain Pormation. The attach- 
ment of carbon and nitrogen such as occurs in the case of the amines 
and amino-compounds, in which both atoms are saturated with 

1 PBohorr and Hoppe, Ber., 1910, 48, 684. 

* Ruhemann, Trans. Chm, 5oe., 1898, 78, 728. 

* Kipping, Proe. Chm. Soe., 1898, 9, 240 ; Wallach, Anndlen, 1900, 812, 171 ; 
Bamberger, B$r., 1894, 87, 1964, 2796. 
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hydrogen or hydrocarbon radicals (forming the group CH, . NR2) is 
about as stable as the carbon-carbon union in paraffins. The most 
drastic treatment will rarely sever the carbon from the nitrogen. 
This condition is, however, greatly modified if the hydrogen of the 
CH2 group is replaced by oxygen. The basic character of the 
nitrogen is not only greatly weakened, but the new group, 00 . NRg , 
which is characteristic of the class of amides, is readily hydrolysed by 
alkalis, and the carbon and nitrogen separated, the former as carbozyl 
and the latter as ammonia or amine. This e£fect of oxygen in 
weakening the attachment of the neighbouring atom seems to be 
common to all chain and ring formations. 

The union of unsaturated carbon and nitrogen (RCfN, RN:C, 
RjC : NR) which occurs in such compounds as the cyanides, iso> 
cyanides, oximes, hydrazones, &c., is likewise readily severed by 
hydrolysis with acids. It may be convenient here to draw attention 
to the nature of the nitrogen-nitrogen combination occurring in carbon 
compounds. It appears at first sight somewhat remarkable that the 
union of nitrogen with itself should be so much less stable than that 
of carbon. Carbon, it is true, is electrochemically more inert than 
nitrogen, which is the more electronegative element ; but it seems 
scarcely adequate for explaining the fact that a chain of at least sixty 
carbon atoms may exist in a stable condition in the case of the 
paraffin hexacontime, CeoHi22* whilst the longest chain of nitrogen 
atoms saturated with hydrogen or hydrocarbon radicals, so br pro- 
duced, contains only three nitrogen atoms. The substance in question 
was obtained with great difficulty by Thiele ^ by the reduction of the 
corresponding unsaturated triazene compound in the cold, but is of 
so unstable a character that it decomposes above 0^ and could not be 
isolated in the pure state. 
NTT l^TT 

ScNH.NzN.CONHj -♦ %3- NH.NH.NH.CONH, 
NH^ NH^ 

IViazene oompound. Triazane compound. 

Unsaturated nitrogen chains are much more stable and maybe obtained 
with comparative ease, containing two, three, four, and five atoms of 
nitrogen, as in the diazo- and the diazoamino-compounds, R • N^N . 
NH.R, the diazohydrazides, RN=N . N(R) . NH^, the tetrazones 
RgN . N=N . NR2, and the bis-diazoamino-compounds, obtained by 
combining two molecules of a diazo-compound with one molecule of 
ammonia or amine, R . N=N • NH . N=N . R. None are, however, 
very stable, and all readily decompose with acids or when heated, 
^ Aimaknj 1899, 806, 84. 
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giving off nitrogen, often with explosive violence. The longest 
unsaturated chain so hr obtained is tetraphenyloctazene, and contains 
eight nitrogen atoms.^ 

OeH5N:N.N(CeH5).N:N.N(CeH5)N:N.OeH, 
Tetraphenyloctazene. 

Only a very minute quantity was prepared, as it rapidly suffers 
decomposition. 

Bing Foimation. Ring formation seems to be governed by the 
same general principle which underlies that of the carbo^yclic com- 
pounds, that is, the stability increases up to five and six-atom rings 
and is not seriously affected in such cases by the replacement of carbon 
by nitrogen at least to the extent of four atoms ; in fiict, unsaturated 
ring S3rstems of five atoms appear to increase in stability with increase 
in the number of nitrogen atoms up to the above number. In con- 
sidering the stability of ring structures containing one nitrogen atom 
it is interesting to follow the formation of the latter by the general 
method of heating the hydrochloride of the diamine, when ammonium 
chloride is removed and a saturated ring system produced. Tetra- 
methylene-diamine hydrochloride, for example, gives pyrrolidine. 

CHa . OH2 . NHj . HCl CH,— CH3 

I « I Snh+nh^ci 

CHj . CHg . NH2 . HOI OHj— 0^ 

The same reaction takes place with pentamethylene-diamine, giving 
a six-atom ring ; but the higher homologues give other products. The 
compound obtained by heating octomethylene-diamine and which was 
formerly supposed to yield a nine-atom ring has been shown to be 
butyl pyrrolidine. 

—^ 

Although the four-ring system, trimethylene-imine, is produced by 
heating the hydrochloride of trimethylene-diamine, its formation is 
accompanied by a variety of complex by-products, whilst the corre- 
sponding ethylene-imine cannot be prepared by this method. Thus 
the five and six-ring systems appear to be the most stable. 

Trimethylene-imine is probably produced by heating bromethyl- 
amine with potash, when hydrogen bromide is removedanda compound, 

1 Wohl and Sohiff, Bit., 1900, 88, 8745. 

Digitized by VjOOQK 



190 



CHAIN AND KING FOBHATION 



G2H5N, formed ; neverthelefls the substance behayes in many respects 
like an unsaturated compound, uniting with hydrogen chloride, giving 
ohlorethylamine, and with sulphurous acid to form taurine. On the 
other hand, it may be argued that ethylene oxide shows the same 
tendency to pass into an open-chain structure by addition, so that 
at present no definite conclusion can be reached. Marckwald^ is 
inclined to adopt the ring formula on the ground that the product 
of the action of benzenesulphonic chloride is insoluble in alkalis and 
consequently the original nitrogen was present as an imino group. 

A trimethylene-imine ring can be prepared from trimethylene 
bromide and toluene sulphonamide. 

BrCHs CHs 

CHa. CeH^SOjNH, + \iU^ - CHg . CeH^SOjN/NcH, + 2HBr 
BrCHg CHg 

From this, the toluene sulphonyl group may be removed by reduction, 
leaving trimethylene-imine in the form of a liquid boiling at 68^ 
with a strong ammoniacal smell. Like ethylene-imine it is very 
unstable and readily passes into an open chain by the action of acids. 

Oarbon-Vitrogen Biag Ponuktion. The various types of re- 
actions summarised in the foregoing paragraphs will explain the 
greater number of processes applied to the formation of heterocyclic 
ring systems, containing nitrogen. As the synthesis of six-atom 
rings containing one nitrogen atom has been already discussed 
under alkaloids in volume i, p. 686, we shall illustrate the above 
reactions by reference to five-atom rings containing from one to 
four atoms of nitrogen. An attempt to extend the study to other 
ring systems would occupy more space than the theoretical value 
derived from such a comprehensive treatment of the subject would 
warrant. 

The system of nomenclature applied to these five-atom ring struc- 
tures is to indicate the number and position of the nitrogen atoms 
in the first part of the name, to which the suffix -oleis then attached. 



8'HCI— CHS 

2^C 0H2 

ip[ 

Pyrrole. 



HC-CH 

Yh 

1 . 2 Diazoltt. 
Ar., 1S09, 82, 2086. 



HC— CH 

u 



2.2^Diaa)l«. 
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ao-cH 

n 


N^CH 


HO-N 

Yn 


N-N 


1.2. 2^ 

Tiiazole. 


1.2.8' 

Triazole. 


1.2.8 
Triazole. 


1.8.8' 
Triazole. 



HO— N 

1 I 

Tetrazole. 



The various reduction products are indicated by adding the termi- 
nation -ine to the name if two hydrogen atoms are added, and if 
four hydrogen atoms are introduced the termination -idine is added, 
whilst the presence of a ketone group in the ring is indicated by the 
suffix -Ofie, &C. Thus pyrrole forms on reduction the compounds 
pyrrolineand pyrrolidine, and i^ in the last, two hydrogen atoms are 
replaced by oxygen, the product is called pyrrolidone. 

H,0-CH HaC-CHa HaC-CO 

bJo oh HaC CHg HaC CHj 

NH NH NH 

Pyrroline. Pyrrolidine. 8. Pyrrolidone. 

The parent substances themselres exhibit for the most part weak 
basic characters, due no doubt to the acidic character of the unsatu* 
rated nucleus, for the basicity is immediately enhanced on reduction. 
Whereas pyrrole is weakly basic as well as weakly acidic (the 
hydrogen of the NH group is replaceable by alkali metals as in 
phenol), pyrroline has all the properties of a secondary base and 
pyrrolidine is still more strongly basic, with an ammoniacal smell 
resembling piperidine. 

Among the methods used for obtaining members of the pyrrole 
series are : 

1. The action of ammonia on 1 . 4 diketones which follows the 
B B B 

CHi-00 CH«C.OH ™ CH«C. 



course 



NH, 



OH 



OHa— CO CH = C. OH CH = C. NHj 

i A ■ i 

B 
CH-Cv 

i 

that is, the diketone isomerises to the tautomeric form. 
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2. The action of heat on glutamic acid, 



GMj • CH2V 
~* CH,.CH/ 



CH,— OH OH,— CH . COOH 

I \nH, -.. I )>NH 
OH,— CXX)H CHj— do 

8. Saoeinimide, deriyed from suooinio anhydride by the action of 
ammonia, may be regarded as a pyrrolidone, for it may be converted 
into pyrrolidine on reduction with sodium in alcoholic solution. 

4. Pyrrolidine is also formed by heating the hydrochloride of 
tetramethylene diamine (p. 189), or by removing hydrogen chloride 
from 6-chlorobutyIamine. 

CH,.OH,.NH, 

I -♦ I ' '>NH + HC1 

6. Pyrrole itself is prepared by heating ammonium mueate, which 
is probably converted into pyromudc acid (p. 201), and then reacts 
with ammonia, at the same time losing carbon dioxide. 

OH— CH HO-OH 

Y Yh 

It should be pointed out that the stability of the ring is greatly 
weakened by attaching oxygen to the carbon members of the 
ring. Succinimide, for example, is readily hydrolysed and the ring 
broken. But the non-oxygenated derivatives are comparatively 
resistant to ring cleavage. It can, however, be effected if the open 
chain is prevented from closing by the presence of a reagent with 
which the compound can combine. Thus, the pyrrole ring can be 
broken by alkalis in presence of hydroxylamine. Water is taken 
up, ammonia expelled, and the dialdehyde, thus produced, unites with 
the reagent, 

HO-CH HaO-CHj HjC-CHa 

II II +2H,0- I I +NH3-^ I I 

HO OH OHO OHO HON:CHOH:NOH 

Yn 

Pyrazole and its homologues have weak, but distinctly basic pro- 
perties, forming salts and double salts and behaving as secondary 
bases. 
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Its formation, and that of its numerous derivatives, may be 
accomplished by an extraordinary variety of synthetic methods. 

1. A process of addition is illustrated by a method corresponding 
to the formation of pyrazole from acetylene and diazomethane 
already referred to (p. 187). Other acetylene and olefine derivatives 
may be substituted for acetylene, and diazoacetic ester for diazo- 
methane. Fumaric ester unites with diazoacetic ester thus : 

CH . COOCgHfi HO . COOCaHs CjHsOOC . C — C . COOCgH^ 
iT=N HC.COOCaHg" N C.OOOCjHa 



Yh 



m 

Where open-chain compounds combine by substitution, it is 
requisite that union takes place at two pointa Ck)mbination. with 
simultaneous elimination of halogen acid and water or alcohol, is 
illustrated by the following: 

Epichlorhydrin and hydrazine combine in presence of zinc chloride, 
and at the same time hydrogen is eliminated and pyrazole is formed. 

CHo-CH . CHoCl HO . CH=CH— CHoCl HC=CH— OHa 

O H^N NHa HN NH 

HO CH 

j8-Chlorobutyric acid and phenylhydrazine give 2-phenyl, 8- methyl, 
1-pyrazolidone, which, on oxidation, gives the corresponding pyra- 
zolone : 
CH3— CHCl— CHa CHj.CH— CHg CH3.C=CH 

COOH "^ CeHfi.N CO CcH^.N CO 

CcHfi.NH— NHj NH NH 

Phenylmethyl Phenylmetbyl 

pyrazolidone. pyrazolone. 

j8-Iodopropionic ester and phenylhydrazine react in a similar 
way. 

CHgl— CH, H,C— CH, 

NH, COOCjHs -^ HN CO -HCaH^OH + ni 

NH.CeH^ N.CeH, 

Substitution and intramolecular isomeric change occurring together 
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are illustrated by the union of acrolein and acrylic acid with hydrazine 
and its derivatives : 

HO-CHO HgO— CH HO--C0.0H HaC— 00 

HjC NHj "^ H,0 N bJ) NH, ^ Bfi NH 

HgN NH HjN NH 

But the most prolific source of pyrazole compounds is that 
furnished by the method of Enorr, namely, the interaction of 1 • 8 
diketones or ketonic esters with hydrazines. The most familiar 
example is that of acetoacetic ester and phenylhydrazine : 

CHg.CO.CHa OHo.O— OH. 

I ^ II I +C,H50H + H,0 

NHa CO.OCjHfi N CO 

■\h y 

If a 1 . 8 diketone is used in place of a ketonic ester two molecules 
of water are removed and no oxygen appears in the product. Acetyl 
acetone and hydrazine react thus : 

CH3 . CO. CHa CH3. CO . CH CH3 . C— CH 

NHa CO.CH3 "^ NHj JSoH.CHa"^ N O.CH3 

NHj NHa NH 

2 . 2' diazoles (glyoxalines, iminazoles) are stronger bases than 
the foregoing and form stable salts with acids. The common method 
for obtaining them is by the combined action of ammonia or amine 
and aldehyde on an ortho diketone : 

R— CO R— C— N 

3CJ 



+ OCB+2NH3 - II ^O.E + 8H,0 

R— CO I B-C-NH^ 



Another method is by the removal of a molecule of acid from 
a diacyl diamine : 

CH,— NH.COC^Hs CHj-N^ 
I - I ^.C,H4+0,H50OOH 

CHj— NH . COCjHj CH,— NH/ 

Finally, the linking of a molecule of urea with ohloracetal and 
removal of alcohol gives a diazolone. 
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CH(OC,Hj), NHj CH=N 

+ \C0 -♦ I NcO + 2C,HsOH 

jC] iraj OH,— NH 

CH— NH 

The 1 . 2 • S' triazoles (osotriazoles) are mostly oila with an alka* 
loidal smell, and weak basic characters. At the same time they are 
remarkably stable towards oxidising agents, the side-chains being oxi- 
dised like those of benzene derivatiyes to carboxyL Nitro-compounds 
and sulphonic acids can also be obtained by nitration and sulphonation 
in the ordinary way, whereas, in the case of pyrrole and pyrazole 
derivatiyes, special methods are requisite.^ y. Pechmann was the 
first to prepare them by a reaction which illustrates the greater 
stability of the fiye-carbon oyer that of the six-carbon ring. When an 
osazone is oxidised it is conyerted into a tetrazone, which, by the 
action of dilute mineral acids, loses one nitrogen group as primary 
amine. 

R. C :N . NHCeHfi B. 0=N— N— CeH^ 

R.CrN.NHCeHg "^ R.C=N— N-OeHg 

H,0 RC=Nv 

^ I >N.0eH,-f0eH5NH, + 

The free oxygen, which is liberated, acts upon and resinifies 
a portion of the material. 

A second method consists in removing, by means of acetic an- 
hydride or dilute alkab*, the elements of water from the hydrazoxime 
of a 1 . 2 diketone, 

R. C=N . NHCeHa R . C=Nv 

R.0=N.OH R.C=n/ 

The 1,2.8^ triazoles contain the atoms of the ring in the order 
— C — N — C— N — N— so that such combinations as the following 
might be anticipated : 

1, —CO NHa.CO 2. -CO. NH.COOC3H5 

OH HjN.SH +NH2.NH— 

^ JntUU und PifrrolgnmiM, by Angeli. Ahrans* VorMige, 1912, 17, 812. 

o2 



Digitized by 



Google 



196 CHAIN AND BINO FOBMATION 

a— CX).NH,+CO 4. — OO.NH— 6. H,N-€ 

HjN— NH H,N— N — OC.HN— N 

AU these prooeaaee ean be applied in one fonn or another, and one 
eiample will be given of each. 

1. Formie aoid combines with {^enylBemiearbaade: 

HjN-OO N-CO 

H— CO NH ~* HC NH 
dn N^C,H, NC,H, 

2. Phenylhydrazine reacts with aoetylurethane : 

CHa.OO— NH CH,.C-NH 

H,N COOCjHj ~* N CO 

NH.O,Hj N.C^ 

8. Fonnamide and formylhydradde give triasole : 

nh, och n-ch 

hAo* Ah -hI P^» 

N^ NH 

4. The fourth and fifth reactions are illustrated by intramolecular 
combination as follows : 

HN-C.CO.CHj N— C.COOH3 

CHjOON ~* CHs.C N 

H^C,H, N^C,H, 

5. Formylthiosemifiarbainde gives, on heating, mercaptotriasole^ 
which, on oxidation with hydrogen peroxide, loses sulphur: 

H,N— C . SH N— C . SH N— CH 

HOO il -* hU - uU 



Yb ^ ^ 



An iniereBiing example of intermolecular iaomeric change is that 
of the action of phenylcyanide on phenylhydrazine, which occurs in 
seyeral phases : 
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HN + CN.CjHj 

OjHjCN + NH, . NH . 0,Hj - 0,H, . NHj 

N0,H5 
HN H,N.C.C,Ha N— O-C^Hj 

-► o,H,.i il -► cbJs Jl 

NC^5 NO^H, 

1.2.8 triaeoles belong mainly to the aromatic series in the fonn 
of azimidobenzene and its derivatiTes : 





Azimidobenzene. 
and few members of the single-iing system, obtained by direct 
synthesis, are known. Like the foregoing, they are very stable, and 
may be obtained indirectly by oxidising and removing the benzene 
nudeos. Thus, azimidobenzene on oxidation gives the triazole dicar- 
boxylio acid, from which carbon dioxide may be removed : 

HOOO.C— N HC-N 

HOOoi li - Jl 

NH NH 

As azimidobenzene and its derivatives are readily prepared by 
a variety of methods, the formation of single-ring oompomids affords 
no diflculty. The union of acetylene dioarboxylic ester with diazo- 
benzolimide is an interesting modification of the pyrazole synthesis 
described on p. 187. 

N=N C . OOOCjHb N-C . OOOCjHs 

NCjHs ^ C.0000,H5 "*" N O.COOO,Hg 

NO,Hg 

Diazobenzolimide also condenses with ketones, 1 . 8 diketones, and 

ketonic esters.* 

N„ „0— N-— -0— 

N=N — OHo " " " " 

\/ + 

N.O,H, 

> Dimrotb, B*r^ 190«, 80, 8930. 



■^^ _^ Nrio(OH)R — nOo.R 
CO.R HN.C,H5 N.O,H, 
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Diazoaoetamide, when wanned with alkali, is ctrnverted into tri- 
azolone: 

CH— CO N— CHj 

^^ NH, "* N 00 

The 1.8.8' iriazoles^ the fourth group of isomerSy may be prepared 
from phenylfchiosemicarbaadde, GeH5NH.GS.NH.NH2. On treat- 
ment with an acid chloride (benzoyl or acetyl chloride), the change 
occurs as follows : 

N— NH N— N N— N 

HS.C OC.GeHs -♦ HS.C G.CaHj -•^ HO O-OeH, 
NH.OaHs N.GeH, N.GeHfl 

The sulphur can then be removed by oxidation. 

Diphenylthiosemicarbazide and carbonyl chloride can also be con- 
yerted into a triazole derivative: 

N-NHGeHfi N-N.OeH^ 

HS.gI +01,00 - HS.dilloO +2H01 
NHOeHfi NOeHfi 

A reaction, which illustrates the greater stability of a five-atom 
compared with a six-atom ring, is the conversion of bis-diazoaoetic acid 
by treatment with strong caustic potash into a triazole derivative : 

<r — N^ N—N 

>C.G02H -♦ II II 

H-lfe GO,H.aO.OO,H 

N\NH, 
Tetrazole should be represented by two isomeric compounds. 
N-OH N— N 

NH NH 

1.2. a'. 8 Tetrazole. 1.2. 8. 8^ Tetrazole. 

As a matter of experience, only one (the first of the above) is 
known. It is, in short, a case similar to that of methylpyiazole 
(vol. i, p. 187), or of the single ortho compound in the benzene 
series. 
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The tetrazoleB are remarkably stable substances. Oxidation will 
destroy a side-chain, but leaves the tetrazole nucleus intact Moreover, 
tetrazoles are characterised by acidic properties, in which the 
hydrogen of the NH group is replaceable by metals. 

There are numerous methods by which the tetrazoles have been 
prepared, among which the following are included : 

Bladin, who prepared cyanamidrazone by the action of cyanogen 
on phenylhydrazine, obtained the first tetrazole compound by acting 
on the former with nitrous acid : 

(CN)0— NHa (CN)C— N 

I g ^ n 

NH OH N 

CeHg CqHs 

Hydrolysis converts the cyanogen group into carboxyl, and oxida- 
tion has the same effect on the phenyl group. On splitting off 
carbon dioxide, tetrazole itself is formed as a solid, melting at 156^ 
Benzylidene amidine is converted by nitrous acid into the diazo- 
nitroeamine, which passes on reduction into 8-phenyl tetrazole : 

CeHjC-NHa CeH« . 0— N CeHftO-N 

L - i loH - 11 I 

NO MH 

Hydrazides behave like the amidines with nitrous acid : 
OjEjO— NH, OeHj . C-N 

N N -♦ N N +2HaO 

NH, OH NH 

Aminoguanidine, inasmueh as it resembles a hydrazide, undergoes 
a similar change, and gives aminotetrazole. 

The action of nitrous acid on the nitrate of the base gives a diazo- 
compound, which changes into the ring compound.^ 

HNO, . NH, . 0— NH HNO, . NH, . N NH, . 0— NH 

LLr in A,- i i 

Y 

I Thiele, ^miaZm, 1802, 270, 1 ; Hantztoh and Yogi, Annakn, 1901, 814, 839. 
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In the same way phenylthioBemicarbazide may be used, and the 
snlphor subsequently removed by oxidation : 

HN— NH, N— N N— N 

sA HO-I ^ Hsi I -. Hoi I 

\ \/ v 

NH.CeHj N.CHj N.C,H5 

Kefebbkges* 

Die Jieteroey1di9ch0n Vnhindungin, by E. Wedekind. Yeit, Leipzig, 1901. 
The Organic Chemistry qf Nitrogen, by N. V. Sidgwick. Clarendon Press, Oxford, 
1910. 

in. UNION OP CARBON AND OXYGEN 

Caarbon-Oxygon Chain Foraiatioii. Chain formation between 
carbon and oxygen, in which both atoms are saturated with hydrogen, 
is represented by the alcohols and ethers. In the latter only can 
the union be regarded as a stable one, and the stability is greatly 
diminished, as in the case of the carbon-nitrogen linkage, by replacing 
the hydrogen of the adjoining carbon by oxygen. The esters, and 
still more the anhydrides, thus formed, are easily hydrolysed. 

CHo— 0— CH. 00— 0— CH« CO— 0—00 

I I II 

Ether group Ester group Anhydride group 

(stable). (leas stable). (least stable). 

Union between oxygen and oxygen is even less stable than between 
nitrogen atoms, as seen in the peroxides and ozonides (p. 66), which 
decompose with explosive force. As only peroxides of acid radicals 
are known, it is impossible to say whether those with hydrocarbon 
radicals would exhibit greater stability. 

Carbon-Oxygen Sing Formation. When we apply these prin- 
ciples to ring formation we find, as before, that they are not the 
only factors in determining the stability of the system, but that it is 
also largely influenced by the number of atoms composing the ring. 
Ethylene oxide is a low-boiling liquid, which was first obtained by 
remoying hydrogen chloride by means of alkali from ethylene 
chlorhydrin; but it is extremely unstable, exhibiting in various 
ways a tendency to cleavage at the carbon-oxygen link, and to pass 
into an open-chain compound. The number of representatives 
of four-atom rings containing oxygen in the ring is very smalL 
Trimethylene oxide has been prepared, and is a liquid boiling at 
50° ; but few of its derivatives are known. On the other hand, five- 
atom rings containing one atom of oxygen are comparatively stable, 
and comprise a very large number of compounds, termed furfurane 
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derivatives. Though tetramethylene oxide, or tetrahydrofurfuraney 
has been prepared, the furfurane derivatives are for the most part 
unsaturated, furfurane, the parent substance, having the formula, 

HO-CH 

hIIh 



Y 



FurAirane. 

The scarcity of saturated ring compounds of this type would 
appear to indicate that they are not readily formed, and it is 
significant that among nitrogen ring compounds unsaturation has 
a distinct tendency in the direction of increasing the stability of 
the system. 

There are various ways in which furfurane compounds are obtained. 
The oldest method is to distil carbohydrates with dilute sulphuric 
acid, which produces furfuraldehyde. The same compound is ob- 
tained by distilling a pentose with hydrochloric acid (vol. i, p. 809). 

jHOiiHO— CH/OJE^ HO— OH 

I HiHO c/hiOHSOHO -* HO C.OHO 

0\H O 

Fldnto06. Furfuraldehyde. 

It is a colourless liquid with an empyreumatic smell, and boils at 
162\ It has all the characteristic properties of an aromatic aldehyde, 
yielding an acid, pyromucic acid, on oxidation, and an alcohol, 
furfuryl alcohol, on reduction. The former, on distillation with lime 
or baryta, yields furfurane. 

HO— OH HO— OH 



Ij -^ ^11 E.. + CO2 



HO O.OOOH HO OH 

Y Y 

Pyromucic acid. Furfurane. 

Pyromucic acid is also obtained, as its name implies, by distilling 
mucic acid (voL i, p. 814). 

V HOjHO-OH /OH: HO— OH 

I.OOOH -•► HO O.OOOH 

\ip Y 

Hueio acid. Pyromucic acid. 



jHiOOCiHC C/HiOHi 
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Certain 1 . 4 diketonaa^ vMeh can naet in the enol fonn, also give 
fdifurane derivatiTes : 

CH,— CH, CH CH HC— CH 

B.OO 00. B ~* B.C C.B ~* B.C C.B 

in HO O 

ThvM, aoetonyUoetoaeetio ester and diaoetosaednie ester giv« 
respectiTely the esters of pyrotritario and earbopyrotritaiio aeids : 

HC-C.COOR 



HC C.COOB 

CH,.C C.CH, 

OH HO 

▲MtonylMetoMetie ester. 

BOOC.C C.COOB 

CH,.C C.CH, 



A: 



>H HO 



CH,0 C.CH, 

V 

PyrotriUrie ««tor. 
BOOC.C— C.COOR 

Oarbopyrotritario eeter. 



Among the derivatives of tetrahydrofurfurane containing oxygen 
in place of carbon may be included the lactones of y-hydroxy adds 
and anhydrides of the succinic acid aeries, 

OC CHj OC 00 

Y Y 

Y-Buiyrolaotone. Succinic anhydride. 

both of which are easily hydrolysed. 

A compound isomeric with succinic anhydride is the lactone of 
yhydroxyacetoacetic acid or tetronic acid, which behaves in many 
ways like a 1 . 8 diketone (p. 178). 

H,0— 00 

OC CHg 

Y 

Tetronie add. 

As in the five^ttom ring systems, the commonest and most stable 
representatives of six-atom rings containing oxygen are unsaturated. 
Substances such as pentamethylene oxide, 8-valerolactone, and glutaric 
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anhydride are known, but the number is small, and they are readily 
converted into open-chain compounds. On the other hand, those 
derived firom «* and ypyrone are numerous and comparatively stable. 
As they are frequently met with among natural products, they 
possess a special interest: 



OH 
HO/NCH 

OclllcH 

a-Pyrone. 



00 

hc/Njh 

HcljoH 
Y-Pyrone. 



A further source of interest lies in the fact that by the action of 
ammonia they readily exchange the oxygen of the ring for NH, and 
thus pass into p3nidones or derivatives of pyridine (vol. i, p. 641). 



CH 


CH 


CO CO 


( 


HC(A 


P^ NH, 


HC/\CH 


HCjAcH NH. Hop 


€H 


oJ 


)cH ~* 


oa JloH 


Hol loH "* Hol 


GH 


Y 


ifH 


Y ^ 


o-Pyroi 


a.. 


o-Pyridone. 


Y-Pyrone. Y-Pyridon*. 



Among the natural sources of the simpler pyrone compounds is 
opium, which contains meconic acid, which on heating passes into 
comenio acid and pyromeconic acid : 

CO CO 

HQr^N<3.0H Hc/Vl.OH 



COOH. 




.COOH 



COOH, 




Heoonio acid. 




CO 


ComMiic acid, 




HO 


Cf 


3. OH 


mm^ 










HC 


\} 


JU 




FyromMonie Mid. 



Another natural source is the greater celandine [ehelidonium mc^), 
which contains an alkaloid combined with cheUdonic add or y-pyrone 
dicarboxylio acid. On heating, it loses carbon dioxide and forms 
comanio acid: 
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CO 

COOH.ollo.COOH "* HCk JIG.OOOH 

Ohelidonio Mid. OoniAttio acid. 

Chelidonic add has been prepared eynthetioaUy by condensing 
aoetone with ozalio ester by means of sodium methoxide. The 
alcoholic solution yields, on boiling, chelidonic ester: 
CH, BOOC.COOB CH,.CO.OOOB 

00 + -♦00 

CH, ROOC . OOOB CH, . 00 . COOB 

CH=0(OH) . COOB CH=<! . COOB 

-» CO -♦ CO 6 

CH=C(OH) . COOB CH=C . COOB 

Coumalinic acid was obtained by v. Peohmann by warming mallo 
acid with strong sulphuric acid, which removes water and carbon 
monoxide. Condensation may be represented as taking place by the 
union of the unstable intermediate product, formylacetic acid or its 
tautomeric form. 

CHOH.COOH CH.OH HC.COOH ^ 

1 II II HG^V-OOOH 
CHj -• CH CH "* J L 

COOH OC.OH HO ^d 

Halic Mid. FormyUeetie Mid. Counulinie Mid. 

a-Pyrone oarbozylie Mid. 

Dimethylcoumalinic acid (isodehydtaoetic add) is another pyione 

derivatiTe, which is prepared by the action of sulphuric add on 

acetoacetic ester and in other ways : 

CH, CH, 

C.OH C 



HO HC.COOB 
OC.OB O.CH, 

Dehydraoetio acid was first obtained by Geuther from the lesiduea 
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from the preparation and distillation of aoetoaoetic ester, and is 
formed by heating aoetoacetic ester alone or with acetic anhydride. 
Its structure has been the subject of much discussion, and the 
following alternative formulae have been proposed by Feist and 

^"^*' CO CO 

CH3 . CO . HC/\CH HCJl'^Ha 

Oci Jc.CHa CH3.OO.CHj.cl JoO 

Feist* s formula. Collie's formula. 
One of the most interesting of the pyrones is the dimethyl derivft- 
tive obtained by heating dehydraoetic aoid under pressure and then 
dehydrating over sulphuric acid. It has also been prepared by the 
action of carbonyl chloride on the copper compound of acetoacetio 
ester and hydrolysis of the resulting ester : 
EOOC .OH HC . COOB BOOC . C CO C . COOK 

CHs-CO— Cu— OC.CHj "* CH3.C.OH HO.O.CHj 
+ COCI2 

CO CO 

BOOC . c/\c . COOB HQ'^^H 




It forms well-defined salts with mineral acids, the latter combining 
with the cyclic oxygen atom, which acts as a quadrivalent atom. 

Among the more complex of the pyrones are those in which the 
pyrone is fused with a benzene nucleus, in the form of benzo- and 
dibenzo-y*pyrone compounds, which may be regarded as the parent 
CO CO 

3H 





Benzopyrone 
(ootimarin). 



Dibenzopyrone 
(zanthone). 



substances of a large and interesting variety of natural colouring 
matters belonging to the chrysin family, the structure of which has 
been determined in the migority of cases by synthesis. A study of 
these compounds is beyond the scope of the present chapter. 

Refsrbncb. 
JH€ h»UroeykU9ehm rerUndunffm^ by E. Wedekind. Yeit, Leipzig, 1901. 
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CHAPTER III 
DYNAMICS OP OEGANIC REACTIONS 

Of the variouB means which have been employed to obtain in- 
formation in regard to the mechanism of organic reactions, one of 
the most important is that afforded by a study of the Telocity of 
change^ and of the way in which this Telocity is modified by 
variations in the conditions under which a given reaction occurs. 
In the early study of chemical dynamics, chief interest centred in 
the discovery of simple reactions, which, by reason of their freedom 
from any disturbing complications, might be made use of in testing 
the applicability of the law of mass action to account for the observed 
course of the change. Now, however, that the mass law, under 
given conditions with respect to temperature and the nature of the 
reaction medium, has been definitely established as the factor which 
determines the course of a given change, the main object of a dynamical 
investigation lies in the information which it affords in regard to the 
mechanism by which the final products of a reaction are produced 
from the original substances. 

LAW OF MASS ACTION 

XistorioaL That chemical change is not entirely determined by 
the operation of specific chemical affinities appears to have first been 
recognized by Wenzel ^ (1777), who, from his observations on the rate 
of solution of metals in acids^ arrived at the conclusion that the rate of 
chemical action is proportional to the concentration of the substances 
entering into the reaction. A similar view was put forward by Ber- 
thoUetmhiBEssaideStatiqueChimiqueilSOB). The fact that BerthoUet's 
views, supported as they were by experimental evidence of a convincing 
kind, had but little influence on the trend of chemical theory at this 
period was doubtless due in large measure to the erroneous conclusion 
which he drew in regard to the influence of mass on the composition 
of chemical compounds. The proof that such composition is quite 
independent of the quantities of the reacting substances tended to 

* Lehre von der ekmtiachin V«nioandiichqft dtr KGrper, 1777. 
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bring the whole dootrine of mass action into disrepute, and for many 
years no further progress was made in the direction indicated by 
BerthoUef s researches. 

In the fifties Bose' and Makguti' called attention to phenomena 
which undoubtedly indicated ttie important part played by the 
quantities of the reacting substances in chemical change, but no 
generalization of any importance was drawn by these observers. 
About the same time, Wilhelmy * studied the inversion of sucrose 
under the influence of acids, and arrived at the conclusion that the 
rate of transformation of the sucrose is at every moment proportional 
to its concentration. The agreement of the experimental data with 
the values, calculated from the equation which Wilhelmy deduced on 
the basis of the above proportionality, represents the first definite 
proof of the operation of mass in a chemical reaction according to 
a quantitative law (vol. i, p. 864). 

Somewhat later, Berthelot and Si Gilles,^ in a detailed study of 
the formation and decomposition of the esters, showed that the 
relative masses of the various substances involved determined the 
direction of the change. Whether change occurs in accordance with 
the upper or lower arrows in the formula 

C2H5OH + CHs . OOgH ^ CH3 . COaCaHj + H,0 

depends, at a given temperature, on the relative quantities of the 
four substances concerned. 

The part played by quantity or the mode of operation of mass 
in chemical change was first enunciated, however, in the form of 
a generalized statement by Ouldberg and Waage* in 1867. If 
A and B represent two substances which are decomposed into A^ 
and B^, and it is assumed that under the same conditions A^ and B^ 
can react to form A and JB, then, under the infiuence of the chemical 
afi&nities and the active masses of the reacting substances, a state of 
equilibrium will be reached which can be represented in the follow- 
ing manner. If the active masses of A, B, A' and B^ be denoted by 
Py 9» y Ai^d q[ respectively, and the a£Snity coefficients of the reactions 
il+i9— ^J.' + S'and il' + B'— ^-1+5 are represented by* andA:^, 
then in the condition of equilibrium ^ « Vjf^ or t/A^ « J^Hm — 
constant From experiments in which barium sulphate was treated 
with differently concentrated solutions of potassium carbonate, or 

1 Ann, Fhwik, 1866, 04, 481 ; 1865, 96, 96, 284, 426. 

• Ann, Chim, Phys., 1867 (8), 61, 828. 

> Ann. Phytik, 1860, 81, 418; Ostwald^s ZZosti)^, No. 29. 

« Ann. Chim. Phyi., 1862 (8), 66, 886 ; 1862 (8), 66, 6; 1868 (8), 68, 226. 

• Oatwa\d*B Klautfur, No. 104. 
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with solutions containing both potassium carbonate and sulphate, it 
was shown that the equilibrium condition in the reversible change 
BaSO^ + E2CO3 :^ BaCOs 4 E2SO4 is in agreement with the require- 
ments of this theory. In the equilibrium state, the opposing reactions 
are exactly balanced, and the velocities of two opposed reactions are 
accordingly measured by Jg^ and Jt^p'q^ respectively. In other words, 
the rate of progress of a change in which several substances react 
together is determined by a specific constant and by the product of 
the active masses of the reacting substances. 

In the further development of this idea, a certain amount of con- 
fusion arose in connection with the question whether the mass effect 
is solely dependent on the number of the reacting substances or on the 
number of the molecules of those substances which are involved in 
the actual molecular interchange. Kinetic considerations indicate 
that the latter view is the correct one, and thermodynamical reason- 
ing leads to the same result 

ITiiiiiiolaGiilar Von-sevandUa Beaetioiifl. From the molecular 
kinetic standpoint, the simplest chemical changes are those in which 
the product or products of a reaction are directly formed as a result of 
the transformation of the individual molecules of the original sub- 
stance. Such changes, which are not dependent on the interaction 
of two or more molecules, are solely detennined by the law of 
probability. It is obvious that reactions which belong to this class 
are necessarily limited to certain types. Amongst them we find 
changes in which complex molecules are decomposed into simpler 
molecules and those in which intramolecular rearrangements are 
involved. Although no reaction may be said to be absolutely irre- 
versible, those which belong to this group are characterized by the 
absence of any appreciable tendency on the part of the product or 
products of the reaction to react with the formation of the original 
substance. 

From the fact that a unimolecular change is not dependent on the 
interaction of two or more molecules, and therefore of the approach 
of such molecules within the range of intermolecular influence, it is 
evident that the speed of a unimolecular change is entirely in- 
dependent of the spacial distribution of the molecules, that is to say, 
of the volume occupied by a given quantity of the substance. Close 
packing of the molecules, which, in all cases where intermolecular 
actions are concerned, is conducive to increased speed of reaction, 
has no influence on the velocity of a unimolecular change. 

If a represents the original quantity of a substance per unit of 
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volume, (a - x) the quantity present after time t, then at this moment 
the velocity of the unimolecular change is given by 

dx/dt^k,{a-x) (1) 

which yields on integration 

Throughout the course of the reaction, the expression on the right 
side of the equation (2) must remain constant, and A^, which is the 
soHsalled velocity coefficient, is solely determined by the specific 
character of the reaction, provided that the temperature and the 
nature of the medium, in which the change occurs, are prescribed. 

From equation (1) it is evident that the velocity coefficient re- 
presents the quantity of the original substance which would be 
transformed in unit time, if throughout this period of time the con- 
centration were maintained constant and equal to unity. 

If the integrated form of the equation is considered, it is further 
obvious that the time required for the transformation of a given 
fraction (l/») of the original substance is independent of the initial 
concentration, for a/(a-x) » fi/(fi-l), and equation (1) may there- 
fore be written in the form 

^ = r Iw - 



It is also clear that the value of the velocity coefficient of the uni- 
molecular change is not in any way influenced by the particular unit 
in terms of which the concentration is expressed. 

▼elooitj of XntnuaolAoiilar BeawrangemMit in Kalogan 
▲ootanilidaSi This intramolecular change afifords an example of 
a unimolecular non-reversible reaction. In presence of hydrogen 
chloride, acetylchloroanilide, for example, is gradually transformed 
into i>-chloroacetanilide in accordance with the formula (voL i, p. 217) ^ 




Ha JCBrn H< 




■^r 



► CS3 ^00 • CHg 

The rate of progress of the change can be readily followed by 
removing samples and adding them to excess of a potassium iodide 

^ J. J. Blanksma, Bee Trav. Chim. dn PayB-BoB^ 1902, 21, 866 ; 1908, 22, 290. 
II P 
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a--x {in ce. qfttandard 


k 


NaAOtM<u<^) 




498 


— 


866 


0.189 


25.76 


0140 


18.6 


0.140 


18^ 


0.188 


7.8 


0.188 


4.8 


0.189 
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solution and titration of the liberated iodine. Thia iodine corresponds 
with the undecompoeed aoetylchloroanilide present, for the jhchloro- 
acetanilide is without action on the iodide. The following data were 
obtained in 20 % acetic add solution at 26^ 



1 
2 
8 

4 
6 
8 

As the numbers in the third column indicate, the progress of the 
reaction can be satisfactorily accounted for on the assumption that 
the reaction is unimolecular, or of the first order.* 

PolymoleciilAr Vonp-rtTarsiUa Baaotioms. In contrast with 
changes of the first order, the speed of a reaction, which involves the 
interaction of two or more molecules, increases as the volume con- 
taining a given quantity of the original substance or substances 
decreases. Such diminution in volume is accompanied by an increase 
in the frequency with which the molecules enter into collision or 
come within the range at which interaction between the several 
molecules becomes possible. This concentration effect, which be- 
comes more pronounced as the order of the reaction increases, finds 
adequate expression in the equation which is obtained when the law 
of mass action is applied to a reaction of the second or higher order. 

In the many reactions which belong to this group, the molecules 
actually involved in the change may be all identical, or in part so, or 
they may all be different So far as the dynamical course of the 
reaction is concerned, the nature of the reacting molecules is, how- 
ever, of no importance, the progress of the change during successive 
time intervals being solely determined by the number of the mole- 
cules involved in the actual process of molecular interchange. 

Biuoleoiilar Beaetioiia. Changes belonging to the polymolecular 
non-reversible group are of the most varied nature, and include poly- 
merisation phenomena, synthetic reactions, double decompositions, 
isomeric changes, &c As a first example, we may consider the 
saponification of esters by the alkali hydroxides. In the case of 

' In view of the obeenratioiiB of Orton it would appear that the intramolecular 
change of the chloroamine involves two stages and is therefore a composite re- 
action ; cf. Orton and King, Trans. C^em. 8oe.f 1911, 88, 1869 ; also Orton and 
Jones, Trans. Chem, Soe., 1909, 96, 1458. 
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a cdmple ester (that is, the ester of a monobasic acid) the reaction 
is bimolecular, two molecules being inyolved, as indicated by the 
ordinary chemical equation 

CHa . OOaOaHg + NaOH - CHj . CO^Na + GjafiR 

The saponification proceeds at a rate which can be conveniently 
measured at temperatures between (f and 25^ if dilute solutions are 
employed. If the original solution contains a gruL-mols. (mols) of 
ester And ( mols of hydroxide per unit volume, and if x mols of ester 
have been saponified after time t, the concentrations of the reacting 
substances at this moment will he a^x and h^x respectively. 
According to the mass law, the speed of the change will be given by 

dx/dt^J^{a-x)(b-x) 

and this on integration becomes 

"^ (a-'b)t ^ a{b'X) 

In the following table are given the data obtained by Reicher ^ for 
the saponification of ethyl acetate at 15-8^, the alkali being present 
in excess (&>a) in the one experiment, whilst the ester predominated 
in the second (a>6). The quantities of saponified ester {x) are ex- 
pressed in terms of the standard acid solution which was used in 
following the progress of the change. 



Excess qfc 


\Usali hydroxide. 


XxeesB qf uiur. 




Uminuies) 


X 


*• 


t (pUnuUs) 


X 


*. 


















8.74 


7.76 


8.47 


2.57 


8-28 


8.46 


6.29 


11.49 


848 


608 


18-89 


846 


1048 


16-81 


848 


7.85 


17.97 


8.45 


18.60 


18.22 


8-44 


9.67 


2a98 


8.41 


00 


29.08 


— 


00 


21.12 


.. 



If the reacting substances are present in equivalent proportions 
(a s (), the rate of change at time t is given by 

from which i ^ 

That this is in agreement with the actual course of saponification 
under these conditions is shown by the following data for an experi- 
ment at 24*7^ with a solution in which the concentrations of both ester 
and alkali hydroxide were 0*026 mol per Utre.' 

1 Armalm, 1885, 228, 257 ; 1886, 282, 108 ; 1887, 288, 276. 
> AxrheniuB, Z9U,phyB. Chm,^ 1887, 1, 110. 

p2 



Digitized by 



Google 



a-x (in e.c. <^ standard 


fc. 


acid) 




8.04 





5.80 


0.0169 


IM 


0.0167 


8.91 


00164 


8.61 


0.0160 


812 


0.0168 


2.74 


00160 


2.22 


0.0168 
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i (mimUn) 



4 

6 

8 
10 
12 
16 
20 

Saponification experimonts with different bases have shown that 
the reaction only proceeds in accordance with the above equations in 
the case of the strong bases, that is to say, those which are almost 
completely ionised in dilute solution. With weak bases the rate of 
saponification falls off very much more quickly than would be antici- 
pated on the assumption that the velocity is at every moment pro- 
portional to the product of the concentrations of the ester and the 
base. If, however, we assume that the active mass of the base is 
represented by that portion which is ionised, in other words, that 
saponification is due to the hydrozyl ion, the differences in the 
behaviour of strong and weak bases can be accounted for quite 
readily. From these observations it is necessary to conclude that 
the saponification of an ester should be represented by the equation 

CHa . CO AH5 + OH' - CH3 . COa' + C^HgOH 

T«rmoleGiilar Von-rtvendUe Beaotions. According to Noyes 
and Gottle,^ the reduction of silver acetate by sodium formate in 
dilute aqueous solution affords an instance of an organic reaction in 
which three molecules are involved in the intermolecular transaction 
which gives rise to the products of the change. The order of the 
reaction is therefore in agreement with what would be anticipated on 
the basis of the ordinary chemical equation, 

HCOjNa + 2CH3 . OOj Ag - 2Ag + CHgCOjNa + CHaCO^H + CO, 
or, HOOa' + 2Ag* - H' + CO, + 2Ag 

In the investigation of the progress of this reduction process, ex- 
periments were made at 100^, samples of the reaction mixture being 
forced over from the steam-jacketed tube into an ice-cold solution of 
potassium thiocyanate. By this means the reaction was brought to 
a standstill and the unchanged silver salt reacted with an equivalent 
quantity of the thiocyanate. 

Denoting the initial equivalent concentrations of the formate and 
acetate by a and h, then, if the reaction is of the third order, the rate of 

I Zeit physik. Chem,, 1898| 27, 679. 
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change when the original concentration has diminished by x will be 

given by 

dx/dt - ii(a-i»)(6-a?)(6-4 

and this can be integrated and the termolecular Telocity coelBcient 
k^ evaluated in terms of a, h, x, and t 

The following data were obtained in an experiment in which the 
initial a and h values were each equal to 005. For comparative pur- 
poses the values of the bimolecular velocity coefficient kg are also 
given in the fourth column : 



t (mimUea) 


X 


*. 


^1 












8 


a00967 


85-8 


1.60 


8 


0.01841 


87.6 


146 


16 


0.02582 


888 


1.28 


85 


0*02953 


87.6 


1.16 


46 


0.08871 


87.4 


0.92 


80 


0*08950 


87.5 


0.75 



Comparison of the numbers under £3 and %2 shows that the former 
series is practically constant, whereas those of the latter series fall 
continuously as the reaction proceeds. In other experiments with 
different initial concentrations, the new values obtained for the 
termolecular velocity coefficient are approximately the same as in 
the example given above, and from this the authors conclude that 
the reaction in question is really termolecular. 

The number of such termolecular reactions is very limited, but 
a further example has been found by van 't Hoff in the polymerisation 
of cyanic acid, the mechanism of which is therefore in accordance 
with the equation ordinarily employed to represent the polymerisa- 
tion process, namely, 

8HCN0 » (HCN0)3 

In general, reactions of a higher order are quite exceptional In the 
bromination of benzene, in presence of iodine as catalyst^ Bruner 
claims to have found an example of a quadrimolecular reaction, and, 
if his conclusion is accepted, this reaction probably represents, from 
the point of view of the intermolecular transaction which is involved, 
the most complicated instance of a non-reversible organic change 
which has been dynamically investigated up to the present. 

JMnmbuMum of tlie Order of » Boaetion. Since the ex- 
pressions for the velocity coefficients of reactions of the firsts second, 
third, &c., order are quite different in form, it is evident that dyna- 
mical data may be utilised in drawing conclusions relating to the 
mechanism of any given change. In the following discussion of the 
methods which may be employed in such investigations, it will be 
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aflBumed that the reactions in question are of the non-reyersible type 
and that the final products are directly formed from the initial 
reacting substances. 

▼eloeity Ooefieient Xetliod. The most obvious method of pro- 
cedure consists in the utilization of the dynamical data to calculate 
the uni-, bi-, ter-, and quadri-molecular velocity coefScients. Accord- 
ing to whether kit h^, l'^, or h^ remains constant, the conclusion 
might be drawn that the reaction is of the first, second, third, or 
fourth order. Although the application of this method has led to 
results which, in a large number of oases, leave no room for doubt 
as to their validity, experience has shown that erroneous deductions 
may not infrequently be made from the observed constancy of one or 
other of the expressions for the velocity coefficients. If, as the 
reaction proceeds, disturbances arise in consequence of the action of 
one of the final products on one or other of the original substances, 
it is evident that the data representing the progress of the reaction 
may indicate the constancy of a velocity coefficient which does not 
correspond with the real order of the reaction. On this account, 
measurements relating to the initial stages of the leaction will in 
general furnish a more satisfactory basis for the deduction of the 
order of the change. 

Initial Velooity Kethod. This method, first employed by 
van 't Hoff,^ involves the determination of the speed in the early 
stages of the reaction and of its dependence on the concentration of 
the original substance or substances. If the reacting substances are 
present in equivalent proportions, the average speed v^ during the 
initial stage of the reaction will be given by 

t^--||-*Ci", (1) 

where Ci is the average concentration of the reacting substances 
during the time interval Af, and n is the order of the reaction. If 
C, is the average concentration during a similar time interval A^, in 
a second experiment, then 

..-.||«-*Ci«. (2) 



Prom (1) and (2) rn 



or logt>,-logt>g 

**"logCi-logC,* 

> S(i«H«*^(9k«mioaI/>y*umt<C*,byJ.H.Taii'tHoff,tnji8.byT.E«sn. William. 

ft Noigate (1898). 
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In carrying out experiments to deteimine n in this way, the con- 
centrations Ci and C2 should not be too nearly equal, and the time 
intervals should be chosen so as to allow of the accurate estimation 
of the average speed during this period. The magnitude of the 
initial period will be determined by the accuracy with which the 
progress of the reaction can be followed, but as a general rule it will 
be convenient to choose the time intervals in such a way that 
from 10-20 per cent, of the reacting substances have disappeared. In 
practice, this method is particularly useful in cases where the final 
products give rise to disturbing secondary reactions, for such products 
will obviously have least influence when the quantities formed are 
relatively small. 

Keihod of Sqvifraotional Paris. This method, which was 
first suggested by Ostwald,^ consists in comparing the times which 
are required for the decomposition of the same fractional amount of 
the reacting substances, when the initial concentration is varied. If 
we compare the influence of the concentration on the time required 
for the disappearance of a definite fraction (1/n) of the original reaction 
mixture, by reference to the expressions for the velocity coefficients 
of reactions of the first, second, and third order with equivalent con- 
centrations of the reacting substances, it is seen that this influence 
is quite different in the several cases : 

Unimolecular reaction, t ^^j- In 7- , that is, ^ is independent 

of 0. 

B imolecular reaction, t ^ r -7 rr > that isi t varies inversely 

as 0. 

Termolecular reaction, t ^ z- -—-57 7^ » that is, t varies in- 

*3 2a*(a-a/n)* ' 

versely as aK 

From the above relationships it is evident that experiments, in 
which the concentration of the reaction mixture is varied, afford 
a simple means of determining the mechanism of the irreversible 
change. Disturbances from side reactions (see later) are to a large 
extent eliminated by this method of procedure, and only influence 
the result obtained, in so far as the relative importance of the side- 
reactions varies with the concentration of the reacting substances. 
By comparison of the time intervals required for the disappearance 
of successive equifractional amounts of the original substances in 
paraUel experiments with different initial concentrations, an estimate 
1 ZeU. phytik. Oum., 1888, 3, 127. 
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may be formed of the extent to which the principal reaction is 
disturbed by subsidiary reactions in its di£Ferent stages. 

I sola t ion ICeihod. As its name implies, this method consists in 
arranging the conditions of the dynamic experiments so that one of 
the reacting substances is isolated from the rest in so far as its 
influence on the course of the reaction is concerned. This can be 
effected quite readily, for the condition of isolation is attained if the 
concentrations of the reacting substances are so arranged that the 
active masses of all but one remain sensibly constant during the 
whole process. 

If A and B react in accordance with the equation 

and B is present in relatively large amount, then according to the 
law of mass action 

but ainoe Cb is practically constant, the rate of change may be written 

and according to this equation the course of the reaction will be 
determined by the number (m) of molecules of the isolated substance 
A which are involved in the actual process of molecular interchange, 
although m + n molecules are in reality involved. In a similar manner, 
the value of n may be determined in a separate series of experiments 
in which the substance B is isolated. In the case of more complicated 
reactions, this method is of great utility, and has been frequently 
applied in the systematic investigation of organic reactions. 

By application of one or more of the above methods, it is possible 
to obtain information in regard to the part played by each of the 
several substances which take part in a chemical change. Although 
in the discussion of these methods it has been presumed that the 
reactions are simple and irreversible, the application is by no means 
limited to reactions of this type. Under suitable conditions the 
methods may also be applied to the more complex changes in which 
simultaneous or consecutive reactions are involved. 

In the following pages examples will be given of reactions which 
have been investigated in this manner. 

Btereo-chemioal Changese In view of the simple character of 
the isomeric transformation, the dynamical course of stereo-chemical 



Digitized by 



Google 



STEREOCHEMICAL CHANGES 217 

changeB is of particular interest. The investigation of the rate of 
eonyersion of syn-aldoxime acetates into the corresponding anti- 
forms by Ley,^ has shown that the reaction proceeds in accordance 
with the unimolecular equation. 

The change occurs in absolute alcoholic solution in presence of 
hydrogen chloride as catalyst, and can be followed by the addition 
of removed samples of the solution to an ice-cold aqueous solution of 
sodium acetate^ the mixture being then heated for some time at 80^ 
when the unchanged syn-aldoxime acetate is converted into the corre- 
spending nitrite with the liberation of acetic acid, which is titrated 
with standard alkali The following data were obtained in an 
experiment with anis-syn-aldoxime acetate at 25^ in presence of 0-01 
normal HCl as catalyst 

a 



itmUs) 


a— X 


k.'\l09^ 





0^100 




10 


04)0664 


0.^ 


20 


0.00818 


0.0248 


80 


0.00109 


0.0289 


40 


0.00118 


0.0266 



In regard to the catalytic action of the acid, it may be supposed 
that an intermediate additive compound is formed, and that this 
undergoes stereo-isomeric change the acid being subsequently 
liberated from the isomeric form as represented by the formula 

B.C.H 

II 
N.COaCH^ 





B.C. 


H 




B.C. 


H 


+ HC1- 


■*o..l 




.^ 


.COj.N. 






COjCHs 


CH, 


CI 




1 

H 


R.C.H 




A 




— » 




),J 


+ Ha 








CHa.CX 









In this connection, reference may be made to the remarks on 
catalytic reactions on p. 257. 

OonTendott of SiaBoamino- into AmlBoaao-oompoiuids. The 

transformation of diazoaminobensene into aminoazobenzene^ which 
takes place when aniline hydrochloride or other aniline salt is added 
to an aniline solution of the diazoamino-compound, affords a further 
instance of an intramolecular change which has been investigated 
dynamically. The speed can be measured convenienUy at 25*'-50^, 
samples of the reaction mixture being run into caustic soda solution 
in order to stop the reaction, and the unchanged diazoamino-compound 

1 ZeU. ph^tik. CAmt., 1896, 18, 876. 
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estimated by boiling with dilute aoid and ooUeoting the nitrogen 
which is liberated by its decomposition. 

The experimental data obtained by Ooldschmidt and Reinders^ 
show that the reaction progresses in accordance with the equation 
for a unimolecular change. For a gi^en concentration of the diazo- 
amino*compoundy the velocity coefficient is proportional to the 
concentration of the aniline hydrochloride. On the other hand, 
when the concentration of the aniline salt is fixed, experiments 
with different concentrations of the diazoamino-compound lead to 
practically the same yalue of the yelocity coefficient. 

These observations indicate that the aniline hydrochloride plays the 
part of a catalyst in the transformation of the diazoamino-compound. 

When other aniline salts, e. g. the trichloracetate and dichlor- 
acetate, are substituted for the hydrochloride, the nature of the 
reaction is unchanged, but the yelocity coefficients show appreciable 
differences. 

For solutions containing 0*5 mol diazoaminobenzene and 0-1 mol 
aniline salt per litre, the yelocity coefficients at 25° were found to 
be 00060, 000487, and 0-00205 for the chloride, trichloracetate, 
and dichloracetate respectively.* Since the speed of the reaction 
diminishes with the strength of the acid, it is supposed that the 
catalytically active components are not really the aniline salts, but 
the free acids which result from their dissociation. 

Apropos of this reaction, reference may be made to the fact that 
aminoazobenzene is formed when diazoaminobenzenetoluene is 
dissolved in aniline in presence of an aniline salt Dynamic 
measurements show that the speed of this reaction is identical with 
that observed in the transformation of diazoaminobenzene, and it 
therefore seems probable that the diazoaminobenzenetoluene is 
primarily transformed into diazoaminobenzene in accordance with 
the equation 
CeHfiN : N . NHCeH^ . CH3 + CeH^NHj - C^B^ . N : N . NHCeHa 

+ CH8.CeH4.NHa 

Bydroljslfl of SiuxroM and Esters. As already mentioned, the 
study of the inversion of aqueous solutions of sucrose in presence of 
acids afforded the first proof that reaction velocity is at every 
moment proportional to the concentration of the decomposing 
substance. In accordance with the equation 

Ci2H„0n + HgO-^CeHijOe + CeH^Oe, 

the reaction is bimolecular and its rate of progress is found to be in 

1 Ber., 1896, 20, 1869. > Ber,, 1896, 20, 1899. 
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agredment with the dynamic equation for a bimolecular change. Since 
in sucrose solutions^ which are not too concentrated, the water is 
present in considerable excess, its active mass remains practically 
constant, and it is therefore not surprising to find that the values 
obtained for the unimolecular velocity coe£Scient A^ exhibit much 
the same degree of constancy as the values of the bimolecular co- 
efficient %2 (see vol. i, p. 864). 
If a and b are the concentrations of the sucrose and water 

- — TT-^ In f; " , » and since ^ is at all times 
(a-&)< b(a-x) 



respectively, then ^2 



very small in comparison with &, the equation may obviously be 
written in the same form as the equation for a true unimolecular 
change, viz. j ^ 

The speed of the sucrose inversion may be readily followed by 
observations of the rotation of a beam of plane polarised light, and 
if (Xq, «^ and - ot^ denote the rotations at the commencement, after 
time t and when the rotation has reached its final value, it is obvious 
that of^ + of^ affords a measure of a, and a^ + ot^ a similar measure ota-x. 

The following table contains the data for the inversion of a 
20 per cent, solution of sucrose at 25^ under the influence of 0-5 
normal lactic acid. For this solution the values of a and b may be 
taken as 0*628 and 45*8 respectively. The observed rotations after 
measured time intervals are shown in the second column ; the 
numbers in the third and fourth give the values of a -a? and &-a?, 
and columns 5 and 6 show that the uni- and bi-mol^ular velocity 
coefficients remain satisfactorily constant. The inversion of cane 
sugar by an add in aqueous solution affords therefore an instance 
of a bimolecular change^ the course of which is represented quite 
satisfactorily by the equation for a unimolecular reaction.^ 

t {minutes) 


1486 

4815 

7070 
11860 
14170 
16940 
19820 
29980 

00 

1 Although the inversion of saorofle and similar changes are often qnoted as 
examples of reactions of tiie €rst order, it seems to the author that this is 
a misnomer, for the apparent nnimoleeular oharaoter of these changes is entirely 
determined by the particular oonoentration relationships obtaining under the 
usual oonditions in which the reactions are oanied out. 
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a— X 


6-x 


fci.lO« 


Jk,.10« 


+ 84.60" 


0.628 


46.8 


— 


— 


Sl'lQP 


0.581 


46.8 


0286 


0.526 


25.00* 


0.496 


452 


0.236 


0.626 


20.16*> 


0.429 


46.1 


0.284 


0.517 


18.98* 


0.848 


46.0 


0.281 


0.511 


10.61* 


0297 


46.0 


0.280 


0.509 


7.57* 


0.254 


44.9 


0.282 


0.614 


5.08* 


0.220 


44.9 


0.229 


OJJIO 


-1.65* 


0.126 


44.8 


0.288 


0.518 


-10.77* 





44.7 


— 


— 
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The polarimetric method employed in following the progreBS of 
•ueroee hydrolysis sfiFords an example of the application of physical 
methods in determining the quantities of substances in solution. 
Although such methods may in certain cases afford accurate resultSi 
it seems likely that the accuracy attainable in the polarimetric method 
of determining the speed of the inversion of sucrose has been exag- 
gerated. Not only has the hydrolysing acid an influence on the 
rotatory powers of the different sugars involved in the chemical 
change, but the fact that glucose and laevulose undergo muta- 
rotation will also have an influence on the observed rotation. 
Under these ciroumfltances it seems improbable that the polarimetric 
data afford a measure of the rate of change^ which is as reliable as 
that attainable in the case where chemical methods of estimation 
are employed. 

It has been supposed that the hydrolysis of sucrose by dilute 
acids deviates from the requirements of the mass law as expressed 
by the uni- or bi-molecular equation and that in the early stages of 
the reaction the velocity is practically constant.^ This linear period 
is undoubtedly characteristic of the hydrolytic change when brought 
about by small quantities of enzymes. Recent experiments ' indicate, 
however, that the analogy between acid and enzyme hydrolysis, 
which would be indicated by such a parallelism, has no foundation 
in &ct, and that, within the limits of experimental error, the rate of 
sucrose hydrolysiB, both under the influence of very dilute and more 
concentrated acids, is at aU stages determined by the concentration 
of non-hydrolysed substances. 

The process of ester hydrolysis in dilute aqueous solution under 
the catalytic influence of acids is in many respects similar to sugar 
inversion from the dynamic point of view. Although it has been 
shown recently' that the hydrolysis of methyl acetate in presence of 
hydrochloric acid does not proceed to completion, but that an equili- 
brium condition is reached when about 95 per cent, of the ester has 
been hydrolysed, yet for practical purposes the reaction may be 
regarded as non-revendble. The data representing the progress of 
the change are found to give a satis&ctorily constant value for the 
unimolecular velocity coefficient, a circumstance which is due to the 
relatively large active mass of the water, for, in reality, the process 
of ester hydrolysis is a bimolecular change. 

1 Armstrong and Caldwell. Proe. Roy. Soc, 1904, A, 74, 196. 
> Worley, Proe, Roy. Boc., 1912, ▲, 87, 665; of. also Rotanoff, Clark, and Sibley, 
Joum. Amer. Ck^m, 8oe.f 1911, 88, 1911. 
» Worloy, Froe. Roy. 8oe,, 1912, A 87, 682. 
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Both the above reactions have been largely used as a means of 
measuring the relative affinities of acids, for in dilute acid solutions 
the speed of both is very nearly proportional to the hydrogen ion 
concentration. The relative affinity values, obtained in this way, are 
parallel with the affinity coefficients obtained by electrical conduc- 
tivity measurements^ and, on this account, the two reactions have 
played an important part in connection with the development of the 
hydrogen ion theory of acids, 

Sstorifioatioii in Alooholic Solutioii. In many respects this 
reaction resembles the two which have just been discussed, for 
according to the equation 

OHg . COjjH + CgHfiOH -♦ CH3 . COjCaHfi + HgO, 

we have to deal with a bimolecular change, which, in consequence of 
the large excess of alcohol, may be expected to take place in accordance 
with the unimolecular formula. In presence of an acid catalyst this 
is actually the case, as may be seen ^m the data in the following 
table for the esterification of acetic acid in presence of hydrochloric 
add.^ In the parallel experiment are given the data obtained in 
the esterification of phenyl acetic acid in presence of picric acid as 
catalyst' 



AceHc add 0.1 mol, HCl 0.025 md per Utre. 


PhenykuseHe add 0.2872 mdper lUre. 


Ten^^aiure 14*5^ 






Tw^raiure 25'. 


t (hours) a-x(incc 


aUccUC) 


h 


i (Aours) 


a-x(tne.e.a2toZ0 A;i 


60.4 









11.86 — 


1 66.1 




00899 


2.8 


10.78 0.0187 


2 60.8 




00897 


16.8 


6.87 0.0166 


8 45.9 




0.0897 


21.9 


5.89 a0156 


4 41.9 




0.0897 


42.1 


2.70 0.0162 


6 88.2 




0.0898 


65.0 


1.81 00147 


6 84.9 




0.0897 







Although the numbers under hi are quite constant in the acetic 
acid experiment, there is a marked diminution in the successive values 
of hi in the case of the phenylacetic acid. The difference is no 
doubt connected with the fact that small quantities of water, when 
added to water-free alcohol, reduce the velocity of esterification to 
a very large extent." Since water is formed by the esterification 
of the acid, it may be expected that this will have a retarding 
influence on the progress of the change if the alcohol employed as 
solvent is nearly anhydrous. If, on the other hand, water is present 
in the alcohol in larger proportion, that which is formed during the 

> Sadboroogh and Lloyd, Tran», Chrnn. Sbc, 1899, 75, 467. 
• Goldsehmtdt and Waohs, B«r., 1896, 20, 2208. 

> Goldschmidt, Bm:, 1895, 88, 8218 ; 1896, 98, 2206. Ck>ldschmidt and Sonde, 
Ber.f 1906, 88, 711. Goldschmidt and Udby, Zdi. p;^9ifc. Chm^ 1907, 60, 728. 
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reaction will have comparatiyely little influence on the progress of 
the reaction. It seems probable, therefore, that the difference between 
the two results is due to the difference in water content of the alcohol 
used in the esterification, a satisfiftctory constant being obtained only 
when the alcohol is not too 'dry'. 

The retarding influence of water on the esterification process is by 
no means characteristic of this reaction, for the velocities of many 
other acid-catalysed reactions are also depressed to a very large 
extent on the addition of very small quantities of water.^ It is 
probable that the phenomenon is due to a change in the catalyst, 
the acid being very much more active in alcoholic solution than it 
is in aqueous solution. Since dilute aqueous and alcoholic solutions 
of the mineral acids are both ionised to about the same extent, 
according to conductivity measurements, it follows that the ordinary 
acid ions which are responsible for the transport of the electric 
current through the solutions cannot be regarded as the agents 
responsible for the catalytic activity. Various considerations indi- 
cate that the electrolytic hydrogen ions, present in aqueous solutions 
of acids, are hydrated, and it is therefore possible that the catalytic 
cally active ions are the simple unhydrated hydrogen ions. In the 
aqueous solution of a mineral acid, the proportion of such simple 
ions must be much smaller than in a corresponding alcoholic solution, 
the difference in concentration being determined by the difforenoe in 
the affinity of the simple hydrogen ions for water on the one hand, 
as compared with their affinity for alcohol on the other.' 

In the absence of a catalysing acid, the esterification of an acid in 
alcoholic solution proceeds otherwise. Whereas the experimental 
data yield decreasing values for the unimolecular velocity coefficient, 
fairly constant numbers are obtained when the bimolecular coefficient 
is calculated. According to Ooldschmidt, this is a consequence of 
auto-catalysis,' the speed of the reaction being determined by the 
concentration of the acid and also by that of the hydrogen ions to 
which it gives rise by its electrolytic dissociation. I^ at a given 
mom^it, .the concentration of the non-esterified acid is a -a;, and m 
is the degree of ionisation, then mia-x) is the hydrogen ion concen- 

^ Cfl Lapworthand Fitzgerald, Trans. Chem, Soe., 1908, 08, 21C8; Lapworth, 
ibid., 2187 ; Lapworth and Partington, ibid., 1910, 07, 19 ; Dawson, Trans, Chsm. 
SoCf 1911, 09, 1 ; Bredig and Fraenkel, B6r., 1906, 80, 1766 ; Tabandt and Mohr, 
Afinalmy 1907, 864, 869. 

' Cf. Lapworth, loe. ciL ; Dawson, loc cU. 

< Ber.j 1896, 80, 2208. In a later paper, ZsiL /. EHOctroehemis, 1909, 16, 4, Gold- 
Schmidt adopts the view that this reaction is of a secondary character, the 
primary reaction being due to the presence of very reactive double or complex 
molecules. 
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tratioh, and dx/dt^I^mia-x)^. Assuming that m does not vary 
appreciably over the range of concentration involvedy it is evident 
that the bimolecular velocity coefficient should remain constant 
during the reaction. The following data were obtained in an experi- 
ment with trichloracetic acid (0*2412 mol per litre) at 25^ 



» \n%nM9j 


w — * 


t aifl—x) 





12.06 





47.8 


1M8 


0.00676 


118.0 


10.24 


0.00626 


191.0 


9.24 


0.00668 


291.0 


8.80 


0.00648 


407.6 


7.60 


0.00618 


672.0 


6.07 


0.00606 



Although the numbers in the third column show that the bi- 
molecular coefficient is practically constant^ this constancy does not 
necessarily mean that the esterification, in absence of a catalyst, is 
auto-catalytic in nature, for it can be shown ^ that the same form 
of expression is obtained for the velocity coefficient, if it is assumed 
that the reaction takes place between the alcohol and the undissociated 
acid, or between the alcohol and the ions of the acid. In other words, 
the bimolecular nature of the process is a necessary consequence of 
the electrolytic dissociation of the acid. 

Znfluenoe of the Hatiire and Coastitiition of the Acid on the 
Velocity of Ssterification. From the work of numerous observers 
it has been possible to draw certain general conclusions relative to 
the influence of the nature and constitution of the acid on the velocity 
with which it is esterified in presence of a mineral acid catalyst. 
In the fatty series,* all substituted acetic acids are esterified more 
slowly than acetic acid itself, and in the series represented by 
(1) CHjjX . COgH ; (2) CHX, . CO JBL ; (8) CXj . COjH it appears that 
the first is always more rapidly esterified than the second and the 
second more rapidly than the third. The velocity is independent 
of the strength of the add, as measured by its ionisation constant 
in aqueous solution, and mainly depends on the number and 'size' 
of the atoms or groups which are substituted for hydrogen in 
the acetic acid. In the series of mono-substituted acetic acids, the 
methyl group has the smallest influence, the effect of other sub- 
stituents increasing in the order— chlorine, phenyl, bromine, iodine 
(vol. i, p. 288). 

In the case of aromatic acids, similar retarding influences are 
apparent^ and the effect of substitution in the ortho position is very 

1 Bonnan, Ber., 1896, 20, 2422. 

* Sndborough and Lloyd, Ttam. Chan. Soc,, 1899, 76, 467 ; 1898, 73, 81. 
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much greater than in the meta or para position. From experiments 
with the diortho substituted benzoic acids, it appears that certain of 
these are esterified with extreme slowness. That there is no real 
difiTerence, however, between such diortho substituted acids and 
other substituted benzoic acids, such as the steric hindrance hypo* 
thesis would seem to suggest, is clearly shown by the £Mt that such 
diortho substituted acids can be esterified completely and without 
diflBcuIty under favourable conditions (voL i, p. 229).^ 

In the absence of a mineral acid catalyst, the influence of sub* 
stitutiDg groups on the rate of esterifieation appears to be less 
sharply defined, and no very general relationships are exhibited by 
the djmamical data for auto-esterification. 

SaooMpositioB of Biaio-oompoiinds. The decomposition of 
aqueous solutions of the diazo-compounds of the benzene and 
naphthalene series affords a further instance of a bimolecular 
reaction which proceeds in accordance with the equation for a uni- 
molecular change.* In accordance with the equation 

CeHfiN : NCI + H,0 - CeH^OH + HCl + N, 
nitrogen is set free, and the progress of the reaction can be followed 
by collecting this nitrogen and determining the volume after 
measured time intervals. 

The velocities with which different diazo-compounds are decom- 
posed vary enormously, as is evident from the following data, which 
express the relative velocities of decomposition, and afford therefore 
a measure of the relative stabilities of aqueous solutions of the diazo- 
compounds. In consequence of the great differences in the speed of 
decomposition, the diazo-compounds cannot all be compared at one 
and the same temperature, but, on the assumption that the tempera- 
ture coefficients of the reaction velocities are sensibly the same, it is 
possible to refer the actual data to a common basis and so obtain 
a series of comparable numbers. 

BeUUive Eat$t ^ Dtcompontion qf Diaaohenaene Oompovnd*. 
Diazo-o-nitrobenzene chloride .... 1 



t9 


-m-nitrobenzene „ 


5.8 




-p-nitrobenzene „ 


18.7 




-p-solphanilio acid . 


182 




-p-toluene chloride 


250 




-benzene „ 


. 2200 




-o-toluene „ 


. . 6000 




•n-toluene „ 


. 6500 



1 



Booanoff and Prmger, Joum. Amer. Chem. Soc, 1906, SO, 1896. 
* Cain and KicoU, Trans. Ottm, 8oc., 1902, 81, 1412 ; 1908, 88, 206. HantzBob, 
B9r., 1900, 88, 2617 ; of. alao HauMer and Mailer, BuO. Soc CMm., 1892 (111). 7, 
721; 1898 (111), 0, 858. 



Digitized by 



Google 



FORMATION OP AZO COLOURING MATTERS 225 
Formation of Aio Oolovring ICatteni. According to the equation 

CeH4<^ J>0 + CeH^N (CH3), . HCl 

* .N:N.CeH4.N(OH3), 

-CeHZ +H01 

NsOjH 

it might be expected that the reaction between p-diazobenzene- 
sulphonic acid and dimethylaniline hydrochloride would proceed at 
a rate determined by the product of the concentrations of the 
sulphonic acid and the aniline sali When the experimental data are 
employed to calculate the bimolecular velocity coefficient, it is found, 
however, that the values vary considerably during the course of the 
reaction. Moreover, addition of hydrochloric acid to the solution 
lowers the speed to a considerable extent, and it is therefore im- 
probable that the undissociated aniline salt or its ion represents one 
of the reacting components, for the active mass of these will not be 
appreciably altered by the addition of the acid. 

If, on the other hand, it is assumed that the free base present 
in the solution is the active component, and if the concentration of 
this at any moment be denoted by ( and the concentration of the 
sulphonic acid hj a-Xj then 

dx/dt^k^ia-x). (1) 

If, further, the original reaction mixture contains a mols of dimethyl- 
aniline hydrochloride and h mols of added hydrochloric acid per litre, 
then after time t, when x mols of the azo-compound have been formed, 
the concentrations of the hydrochloride, free base,and hydrochloric acid 
will be respectively (a - f - x)y f, and {b + $-hx) and from a considera- 
tion of the hydroly tic equilibrium 

CeHs N(CH3)a . HQ + H ,0 ^ CeH^ . N(CH J^H . OH + HQ 
it follows that ^^j (& + f + «) 

{a-i'X) 

Since ( can in general be neglected in comparison with h + x and 
a -re, we may write 

* h-^x' 

and by substituting in equation (1) 

or 



n 



1 (a + h X 7 a ) 

9 
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226 DYNAMICS OF ORGANIC REACTIONS 

In the following table are given the data obtained by (Joldschmidt 
and Metz^ in two experiments at 20^ with different amounts of 
added aoid. 

a - 00282, h - 0-0282 nmC a - 0-0282, h - 0-0664 nurf. 



iiminuieB) 


a— X 


*' 


t {nUmOes) 


a— « 


if 





0-0282 


^ 





0-0282 


... 


45 


0-0228 


00057 


90 


0-0224 


00060 


160 


0016« 


0K)067 


240 


00176 


0*0066 


210 


0-0146 


0-0067 


876 


0-0142 


0-0061 


800 


0-0118 


0-0068 


480 


0-0128 


0*0068 


890 


0-0108 


0-0068 


1440 


0-0068 


0-0066 


1820 


0-0061 


0-0066 


1800 


0-0068 


00066 



The retarding influenoe of the hydrochloric acid is seen from the 
fact that whereas the reaction is approximately half completed in 
210 minutes in the first experiment, the time required for this in the 
second is about 876 minutes. 

The constancy of V, as shown by the above numbers, together 
with the fact that neutral chlorides are without influenoe on the 
speed of the reaction, indicates with considerable certainty that 
the formation of methyl orange is due to the interaction of the diazo 
compound not with the aniline salt, but with the small quantity of 
free base which is present in the solution. 



Traasfonnatioii of Animmiinin Pyanata into Oarbamide. In 
the conversion of ammonium cyanate into carbamide in dilute 
aqueous solution, we have to deal with a reaction which is reversible 
to an extent which is easily measurable. The composition of the 
solution in the final condition of equilibrium indicates, however, that 
the velocity of decomposition of the carbamide may be almost 
neglected in comparison with the velocity of its formation, until at 
least 75 per cent, of the cyanate has been transformed, and, on this 
account, it is convenient to treat the reaction as belonging to the 
group of non-reversible changes. A further circumstance which 
complicates the process is the simultaneous decomposition of the 
cyanate with formation of ammonium carbonate, but this change 
may also be neglected in comparison with the principal reaction. 

The following table contains data recorded by Walker and Hambly * 
for the decomposition of a 0-1 molar solution of cyanate at 50-1^ 
In calculating the uni- and bi>molecular velocity coejBScients (A^ and Jfc,), 
the concentrations recorded under a - a; are reckoned from the practical 
end-point of the reaction which makes a « 0-0916 instead of 0-1. 

1 Ber., 1807, 80, 670. 

• Trant. Chem. doe,, 1895, 67, 746. 
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t (minuies) 


a^x 


fti 


fts 





0-0916 




— 


45 


0-0740 


0*00206 


0-0676 


72 


0-0656 


0-00201 


0-0599 


107 


0-0584 


000188 


00577 


157 


0.0612 


000161 


00548 


280 


00424 


0-00145 


0-0551 


812 


00848 


0-00184 


00572 


600 


0*0228 


0-00101 


00548 



Whilst ki diminiBhes as the reaction proceeds, the values of Jc^ are 
practically constant, indicating that the reaction is bimolecular. 
To account for this, it might be supposed (a) that two molecules 
of ammonium cyanate react together ; {h) that the cyanate is dissociated 
into ammonia and cyanic acid, which yield carbamide by their 
interaction ; (c) that the reacting components are the ammonium and 
cyanate ions or the non*ionised ammonium cyanate. Whereas the 
addition of neutral salts has, in general, no appreciable influence on 
the velocity of the reaction, it is found that ammonium salts 
increase the speed considerably. On the other hand, free ammonia, 
which is but feebly ionised in solution, has little influence on the 
rate of change. From these facts Walker and Hambly drew the 
conclusion ^ that the bimolecular course <^ the change is due to the 
interaction between the ammonium and cyanate ions, carbamide 
being formed from these as represented by 

NH^* + CNO' -♦ CO(NH2)2. 

In agreement with this view it is found that h2 diminishes some- 
what as the initial concentration of the cyanate solution increases, 
this being due to the decrease in the ionisation of the salt as its 
concentration increases. 

Most of these facts can be equally well interpreted, however, if we 
assume that it is the non-ionised portion of the ammonium cyanate 
which undergoes transformation, and the fact that in 90 per cent, 
ethyl alcohol, the cyanate is converted into carbamide thirty times 
as rapidly * as in pure water under similar conditions, is distinctly 
favourable to the view that non-ionised ammonium cyanate is the 
reactive substance. 

According to Chattaway," the transformation of the non-ionized 
cyanate into carbamide is not a case of simple intramolecular 
change, but is due to the interaction of ammonia and cyanic acid, 
analogous to the reactions between isocyanic esters and ammonia or 

^ For a oriticism of thiB view compare £. E. Walker, Proe, Boy, Soc, 1912, 
A 87, 689. 

* walker and Kay, Tram. Chan, 8oe., 1897, 71, 489. 

* Tran$. Ohem. Soc., 1912, 101, 170. 

<j2 
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228 DYNAMICS OF ORGANIC REACTIONS 

amines, whereby substituted carbamides are formed. The trans- 
formation may be formulated as follows: 

>0H 
NH4.N:C:Oj±H.N:C:0 + NH3^HN:C< ^HaN.CO.NHj 

\nh, 

and if this view is correct, the reaction in question belongs to the 
group of consecutive reactions (see p. 245). 

The Friedel-CSrafto Baaetion. Some light has been thrown on 
the mechanism of this general reaction by dynamical experiments. 
Steele^ has investigated in this manner the formation of tolyl 
phenyl ketone from toluene and benzoyl chloride in presence of 
aluminium chloride and of ferric chloride (p. 127). The reaction 
corresponds with the equation 

CeHfiCO . CI + CeHg . CH3 = CeHg. 00 . 0eH4 . CH3 + HCl 
and its progress was followed by passing a constant current of 
hydrogen, saturated with toluene vapour at the temperature of 
the experiment, through the reaction mixture and measuring the 
change in titre of a standard solution of alkali through which the 
issuing hydrogen, carrying the hydrogen chloride liberated by 
the reaction, was passed. In these experiments the toluene was 
present in large excess, and, under these circumstances, it might be 
expected that the reaction would be unimolecular. The experimental 
data show, however, that the order of the reaction varies with the 
ratio of the amounts of aluminium chloride and benzoyl chloride^ 
being unimolecular if the ratio AlCVCeH^ . COCl does not exceed 
unity, and bimolecular in presence of excess of aluminium chloride. 

The results are best explained by assuming the formation of 
a compound between one or both of the reacting substances and the 
aluminium chloride, and by the removal of the latter from the system 
in combination with the ketone formed. 

When the ratio AlCl3.CeH5CO.Cl does not exceed unity, the 
mechanism suggested by Perrier* and Bolseken' is sufficient to 
explain the dynamic observations. According to this, a compound 
is formed containing the add chloride and aluminium chloride and 
this reacts with the toluene according to the formula 

Allele. 2CaH5COCl + 20^^^^ . CH3 -♦ Al^Cle. 2CeH5. CO. CeH4.CH3 

+ 2HC1 
If this compound is only soluble to a limited extent in the 

^ Trans. Chem. Soc, 1903, 88, 1470. 

> Ber., 1900, 88, 815. 

> Bee trav. chim. Pays-Bos, 1900, 19, 19 ; 1901, 20, 102. 
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toluene, the rate of change during the early stages of the reaction 
will be constant, because of the constant active mass of the compound 
in the saturated solution. The actual data show that the speed is 
constant until the aluminium chloride ceases to exist as a solid 
phase, and constant values are only obtained for the unimolecular 
velocity coefficient (ki) if the time measurements are reckoned from 
the point at which this occurs. 

That the aluminium chloride is removed from the reaction 
mixture in combination with the final product is indicated by the 
fact that one mol of aluminium chloride cannot convert more than 
one mol of the acid chloride into the ketone. If this were not the 
case, the regenerated aluminium chloride would react with further 
quantities of the acid chloride. 

In order to account for the bimolecular character of the reaction 
in presence of excess of aluminium chloride, it is necessary to assume 
that this forms a similar additive compound with the toluene. The 
actual reacting components are then the two additive compounds, 
and the rate at which hydrogen chloride is evolved will be governed 
by the dynamic equation for a bimolecular change (coefficient « A,). 

The following tables contain data obtained by Steele in experiments 
under the two different conditions referred to above. 

AlCl, 1*20 gram. G^HsCO . CI 1*18 gram. Molar ratio « 1*0. 
Toluene 20 c.c. x - HCl liberatecL 



(fhinutee) 


X 


*i 


x/t 


2-75 


9-8 




8-88 


4*5 


15-4 





8-48 


7-75 


24*9 


0-194 


8-28 


18-26 


81-8 


0-196 




160 


88-4 


0-200 




210 


84-6 


0-196 




260 


851 


0-195 




00 


86-4 


— 





The numbers in the fourth column under x/t show that the speed 
is constant in the early stages, but the constancy of X^ demonstrates 
the unimolecular character of the further progress of the reaction. 

AlCl, 2*56 gram. C^BfiO . CI 1-18 gram. Molar raUo s 2-8. 
Toluene 20 cc. x -> HCl liberated. 

0-0229 
00276 
0-0281 
0-0266 
0-0269 
0-0278 

Composite BeaotioiUL In the reactions which have so far been 
discussed, it has been assumed that a single chemical change 



t (minutee) 


X 


20 


22-5 


8-0 


26.4 


4-0 


28-8 


5-0 


29-2 


6-0 


80-1 


7-76 


81-8 


00 


85-4 
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is inyolred, that this proceeds in a particular direction and 
is moreover a direct process in the sense that the substances 
obtained are the immediate products of the interaction of the 
original substances. The majorily of reactions do not satisfy these 
conditions, in that they usually involre simultaneous or con- 
secutiye changes, and, as a group, these reactions may conyeniently 
be distinguished from the simple reactions by the term amposiie 
reactions. 

To such composite reactions, an important principle applies — the 
principle of mutual independence of different reactions — according 
to which, when a number of reactions occur simultaneously in any 
system, each of the component reactions proceeds in conformity 
with the mass law, and as if it were quite independent of the other 
reactions. We have in this principle a close analogy with that 
which determines the mechanical effect on a particle of the simul- 
taneous application of a series of different forces. According to the 
nature of the component changes, composite reactions may be 
discussed under the head of concurrent, reversible, and consecutive 
reactions. 

Concnrrent Beaotions. If the original substances A and B 
react together so as to give rise simultaneously to two series of 
products in accordance with the formula 

(mA + nB-^pC+qD 
Im'A + n'B --^rE+sF 

we have to deal with a case of two simultaneous concurrent 
reactions. 

The general theory of such i-eactions has been discussed by 
Wegscheider.^ In general, the ratio of the quantities of the different 
sets of products will be dependent on the time which has elapsed 
since the commencement of the reaction. If, however, the number 
of the molecules of each of the reacting substances involved is the 
same for the different concurrent reactions, the ratios of the products 
formed in the several processes will remain constant throughout the 
whole course of the reaction. In the example formulated above, the 
ratio of the quantities of the two series of products will be constant, 
provided m = wi' and n = n\ 

In regard to the actual experimental investigation of reactions 
of this class, we are only concerned with those in which the con- 
current reactions are limited to two or three^ and where these are 

* ZHL phymk, Owi., 1899, 80, 698 ; cf. also Ostwald, Lekrhuok, fi, 2, 249 ; 
Mellor, Chemicai StcUica and Dynamics, p. 68. 
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of simple type (unimoleoular or bimolecular). If we are dealing with 
two reactions, both unimolecular or both bimolecular, the quantitieB 
of the two sets of products will remain in a constant ratio, but this 
will not be the case if one reaction is unimolecular and the other 
bimolecular. 

In the simplest case^ where the two concurrent reactions are 
of the first order, as represented by 

let a be the original quantity of ul in unit volume, x the quantity 
transformed after time t, y and B the quantities of B and C formed 
after this time interval, and Tcb and Icc the velocity coefficients of the 
two reactions, then we have 





dx/dt = dy/dt + dB/d^ 


(1) 




dy/d;t^lcB{a^x) 


(2) 




dM/dt-^kcia-x) 


(8) 


and therefore 


dx/dt^{hB + t(?)(a-«) 


(*) 


or on integration 








7 1. 1» <* 

t a— a: 


(6) 



which is identical with the equation for a simple unimolecular 
reaction. 

In a similar manner, it can be shown that the integrated form of 
the equation for a pair of concurrent bimolecular reactions is of the 
same type as the coriBsponding equation for a simple bimolecular 
change. 

From equations (2) and (8) we have 

dy/M/dg/dt^y/is^'kBflcc^R (6) 

or the ratio of the quantities of the products of the two concurrent 
reactions is constant and equal to the ratio of the velocity coefficients. 
From (5) and (6) it follows further that 

^ 1 a 

'\^~ (7) 



* Z^+1 t a-x 
and. 1 1_ ii^ « /ov 

and these equations furnish us with the velocity coefficients of the 
separate concurrent reactions. Examples of non-reversible changes 
of this type will now be considered. 
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l>6oompocition of Oxalaeetic aoid pheiiylliydxuone. The 

decomposition of pure aqueous or acidified solutions of oxalaoetic 
acid phenylhydrazone, when heated at 100^ has been found by 
Jones and Richardson ^ to yield two different products— {A) pyruvic 
acid phenylhydrazone, (B) pyrazoloneoarbozylic add, as represented 
by the equations 

CO2H.C.CH2.CO2H CO2H.C.CH3 

II — II +C0, A. 

N.NHCeHg N.iraCeHg 

COjH. C.CHa. COaH COaH. C. CH^ 

"* II y^ '^^^^ ^• 

.NHCeHg N.N.CeHfi 

Each of the two concurrent reactions is unimolecular, but the 
second differs from the first in that it appears to be catalytically 
accelerated by adds. In addition to the fact that relatively large 
quantities of pyrazolonecarboxylic acid are formed in mineral acid 
solutions as compared with pure aqueous solutions, reference may 
be made to the observation that solid ozalacetic acid phenyl- 
hydrazone yields only pyrazolonecarboxylic acid. Furthermore, it 
has been found that a given amount of the original substance yields 
lees carbon dioxide as the amount of water in which it is dissolved 
diminishes, and that in other less strongly ionising solvents (such as 
pyridine, toluene), the relative amount of carbonic add evolved is 
greater than in the case of aqueous solutions. All these facts agree 
with the assumption that reaction B is catalytically accelerated 
by the hydrogen ions resulting from the electrolytic dissociation of 
the acid hydrazones. If a is the amount of the oxalacetic hydra- 
zone, originally present in unit volume of the solution, x the quantity 
decomposed after time i, y and e the quantities of pyruvic acid phenyl- 
hydrazone (or carbon dioxide) and pyrazolonecarboxylic add formed, 
Tqa and Icb the velocity coefficients of the reactions A and B, and H the 
concentration of the catalydng hydrogen ions, which is supposed to 
remain constant throughout the reaction, then 

*^ + *j,.H-J?«^, (1) 

and since x = y-^-g and y/e « constant, 

therefore x/y » constant and x/z « constant. 

If now the total amount of pyruvic hydrazone or carbon dioxide 
1 Trans, Chem, Soc, 1902, 81, 1140. 
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formed, when the reaction is at an end, is represented by y<c , 
"'«'» a/(a-«)-y«,/(y«-y) 

and equation (1) may be written in the form 

k.-^Jcs.H = ^J»-1^«-. (2) 

The progress of the reaction was actually followed by measm-ement 
of the volume of carbon dioxide evolved. The following table con- 
tains the data obtained in an experiment with a solution containing 
0-1 gram oxalacetic acid phenylhydraasone in 100 c.c. of water. The 
values under p represent the OO2 evolved in cc, y^ being equal 
to 820. 



iijKctmds) 


y 


(*^ 


+ *,.-H).10-» 


70 


60 




J 06 


180 


80 




0-96 


172 


100 




0-96 


286 


126 




0-91 


812 


160 




0-88 


892 


176 




0-88 



480 200 0-89 

720 260 0-92 

From experiments with sulphuric acid solutions containing from 
xiir to Y^j equivalent of acid per litre it was possible to obtain 
the ratio of the coefficients TcB/hAy and £rom this and the value oi 
(Aji -¥ ha^ E) the separate velocity coefficients of the concurrent 
reactions could be determined. At 80^ Tqa was thus found equal 
to 0000866 and Job -» 0-0188. 

Chloirui»tion of Baniene. When benzene is chlorinated in 
presence of iodine monochloride, substitution and addition occur 
simultaneously in accordance with the equations 

(CeHe +(312= OeHgCl + HCa A. 
(C,He + 8Cl2-CeHeCle B. 

This composite reaction has been followed dy n amically ^ by estima- 
tion of the quantity of unchanged chlorine and of the hydrogen 
chloride formed, the former affording a measure of the sum of 
the two velocities, the latter a measure of the velocity of reaction A. 
In pure benzene solution the course of the change was found to be in 
agreement with the equation for a unimolecular reaction, but experi- 
ments with solutions containing variable quantities of benzene 
dissolved in carbon tetrachloride showed that the speed of the 

1 SUior, ZVofw. Cham. 8oc^ 1903, 88, 729. 
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reaction is proportional to the benzene concentration. For given 
concentrations of chlorine and benzene the speed is moreover pro- 
portional to the square of the concentration of the catalyst^ so that 
the rate of disappearance of chlorine may be represented by the 
equation 

At every stage during the reaction, the ratio between the amount 
of chlorine which enters the benzene nucleus and that which forms 
the hezachloride remains constant, this ratio being equal to 8-8. 
This observation shows that the two reactions are both unimolecular 
in presence of excess of benzene. 

When stannic chloride or ferric chloride is employed as catalyst, 
the hezachloride is not formed to any ^>preciable extent, whereas 
reaction B is the only one which occurs under the influence of light 
In all cases the course of the reaction is the same as in presence of 
iodine monochloride, the rate of disappearance of the chlorine being 
that required by the equation for a unimolecular reaction. The 
differences in the relative quantities of the two products show, how- 
ever, that the relative speeds of the concurrent reactions may be 
altered to a very large extent by suitable variation of the catalyst 

JLotion of Silver 8«lta on JJkyl ZodidM. When silver nitrate 
acts on ethyl iodide in absolute alcoholic solution, two changes occur 
simultaneously, as represented by the equations ^ 

CC2H5I + AgNOj + C2H5OH « Agl + HNOj + (CaH,)^© A. 
(CjHfil + AgN03 « Agl + CJH5NO3 B. 

Experiments at 26'' show that the proportion of silver nitrate 
which reacts according to A amounts to 70 per cent, and that 
this proportion holds good for the entire course of the change. 
From this it may be inferred that the reactions are concurrent 
and of the same order. 

The rate at which the silver nitrate disappears in any given 
experiment is in quite satisfactory agreement with the assumption 
that the reaction is bimolecular, as might be anticipated from the 
chemical equations. When, however, the initial concentration of 
the reacting substances is increased, the velocity coefficient also 
increases, and from this it may be inferred that the reaction is 

^ Barke and Donnan, TVatis. CAtm. Soc., 1904, 85, 555: ZeiL physik, Qiem,, 
1909, 69, 148. 
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not really of the second order. The change in magnitude of the 
velocity coefficient is chiefly due to the silver nitrate, for, in ex- 
periments with constant silver nitrate and increasing ethyl iodide 
concentration, slightly falling values are obtained for k^* The 
observed constancy of k^ throughout any one experiment is there- 
fore due, in all probability, to the formation of some substance 
durfng the reaction which has an accelerating efiect on the velocity 
of the change. Of the main products of the reaction, ethyl nitrate 
and ethyl ether are inactive, and nitric acid diminishes the velocity. 
On the other hand, the speed is increased when nitrates are added 
to the reaction mixture, although these substances produce no 
alteration in the ratio of the two sets of products A and B. From 
this it might be inferred that the undissociated silver nitrate is 
the particular component which reacts with the alkyl iodide, for 
addition of nitrates will diminish the concentration of the silver ion 
and increase that of the undissociated salt. 

When silver lactate is substituted for the nitrate,' the chemical 
nature of the change undergoes no alteration, the ratio of the quanti- 
ties of the two sets of products being the same for lactate as for 
nitrate. In the case of the lactate, however, the accelerating effect 
referred to is absent, and the values of the bimolecular velocity 
coefficient fall as the reaction proceeds. 

If it is assumed that the reaction takes place between the ethyl 
iodide and the undissociated silver salt, the rate of change at any 
moment may be written 

dx/cU^k(l-(x){a-xf (1) 

where a is the original concentration of both silver salt and alkyl 
iodide and a the degree of electrolytic dissociation of the silver salt. 

Assuming further that the ionisation varies with the concentration 
in accordance with the mass law, 
then • 

j^(a-«) = Jr. (2) 

and from (1) i* 

Although a is not very different from unity at the dilutions 

employed in the dynamic experiments, it will increase slightly as the 

k 
reaction proceeds, and in consequence k^ » -o? may be expected 

^ Donnan and Potts, Tram. Clfm. Soc, 1910, 97, 1882. 
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to increase somewhat during the reaction* The following data show 
that this is actually the case : 



t (mifwUs) 





4-3 


111 


80.1 


48-5 


84-7 


119-0 


o-« 


2-89 


20 


1*60 


1-00 


0-80 


0-60 


0-60 


*. 


— 


0-030 


0-028 


0-029 


0-081 


0-088 


0-085 



The Telocity equation assumes the same form if we suppose that 
the iodide reacts only with the ions of the silver salt, but the 
increased speed of the reaction which is observed on the addition 
of nitrates to the mixture of ethyl iodide and silver nitrate indicates 
that the active agent is represented by the undissociated silver salt 

In view of the attempts which have been made in recent years 
to refer organic reactions to interactions of ions, this result is of 
special interest, for the reaction between an ionised salt and an 
organic halogen compound may be regarded as one in which the 
conditions are favourable to interionic action. 

Although it might be expected that the velocities of reaction 
between silver nitrate and the iodo-derivatives of methane would 
exhibit a regular gradation, experiment shows that this is not the 
case. The velocity coefficient for iodoform is about one-eighth of 
that of methyl iodide, and the reactivity of methylene iodide, 
instead of having an intermediate value, is only about one- 
hundredth of that of iodoform. 

Fonnation of Disnbstitiition Piroducts of Benaene. The 

nitration, sulphonation, and halogenation of mono-substituted ben- 
zene derivatives affords an instance of a general reaction in which 
three concurrent changes are involved, giving rise to the forma- 
tion of ortho-, meta-, and para-disubstitution products. Although 
no satisfactory explanation has been given of the marked tendency 
towards the production of disubstitution products belonging to one 
or other of these groups, it is evident that the relative amounts 
of the three products in a particular case are determined by the 
velocities with which the corresponding reactions occur under 
a given set of conditions. By variation of the conditions (tempera- 
ture, concentration, reaction medium) the relative amounts undergo 
variation, and this must be due to differences in the extent to 
which the velocities of the three reactions are affected. 

Although no reaction of this kind has been examined in detail, 
the relative amounts of the products formed under different con- 
ditions have been investigated for the nitration of benzoic acid and 
its methyl and ethyl esters.^ The proportions of the nitro- 

1 Hoileman, ZeU. phytOe. Chem,, 1899, 31, 79. 
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substitution products must be in the ratio of the rates of forma- 
tion and therefore of the respective velocity coefficients k^^ kn^, and 
kp for the ortho-, meta-, and para-compounds, the progress of the 
reaction being given by the equation 

if the nitric acid is present in large excess. 

In experiments at different temperatures, Holleman obtained the 
following percentage proportions for the three nitro-benzoic acids : 
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B0T«ndU« Baaetioiis. If the products of a chemical change 
react together with the formation of the original substances, and if 
this reverse change occurs, under the conditions of the direct reaction, 
with a velocity which is of the same order of magnitude, the reaction 
in question belongs to the type of opposing, balanced, reversible, 
or counter reactions. The principle of the mutual independence 
of difierent reactions applies to such a case just as to a series of 
concurrent reactions. Each of the independent reactions has its 
speed determined by a certain velocity coefficient, by the active 
masses of the molecular species concerned, and by the number of 
molecules which are involved in the actual process of interaction. 

As compared with a non-reversible reaction of the same order, 
the apparent speed of such a reversible change falls o£f more quickly 
as the original substances disappear, because of the &ct that these 
substances are continuously regenerated from the reaction products. 
The velocity of the opposed reaction increases with the accumulation 
of the products of change, and since that of the direct reaction 
diminishes during this process, a point will ultimately be reached 
where the velocities of the two opposed reactions are equal to one 
another. When this condition has been attained the system is said 
to be in equilibrium, and, so long as the external conditions are 
unaltered, the quantities of the original and final products present 
will remain absolutely constant. If the reacting substances are 
mixed at the outlet with the final products in such quantities as 
correspond with the equilibrium condition, no change will take 
place. The so-called equilibrium constant is simply the ratio of the 
velocity coefficients of the opposing reactions, and as such its 
evaluation a£fords but little information in regard to the mechanism 
of the two opposing reactions. 
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Amongst the many examples of reversible reactions which hare 
been investigated dynamically, those in which the opposing reactions 
are both unimolecular belong to the simplest type. If such a reaction 
is represented by the formula 

and if a be the quantity of A originally present in unit volume 
(B being absent), x the quantity of A decomposed and therefore of B 
formed after time ty k^ and ^' the velocity coeflScients of the direct 
and reverse reactions, then the rate at which A disappears is given 

by dx/dt « A;,(a-a?)-V«- W 

When the state of equilibrium is attained dx/dt = 0, and if 
the corresponding value ofxisi, then lCi{(t-i) ^ k/ ( 

where K is the equilibrium constant. 
From (1) and (2) we obtain 



and by integration 



1 dx --, . 



*i + V-jl«2ra-(Al)«- ^^^ 



Since K « %,/V> ^^lus equation may be written so as to give the 
values of the individual velocity coefficients, and we then obtain 

'^ KTlt'^ Ka-(K+l)x' *» K+ll '^ Ka-(K+\)x' ^*^ 

By substitution of t 

iT-^^ in(4), 

we obtain t •% t a-iil t 

^ at i-x ^ a t (-X* ^ ' 

and from these i i 

h + K-fln^^. (6) 

It should be observed that equation (6) bears a dose resemblance 
to the equation for an irreversible unimolecular change. The only 
difference is that the expression on the right-hand side of (6) contains 
the quantity of the original substance which has disappeared when 
the condition of equilibrium is attained, in place of the quantity of 
this substance which was initially present. If hi^ is small in 
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comparisoxi with h^ then ( will not be very different from a and the 
equation for the reversible reaction passes over into that for the 
irreversible change. 

If the opposing reactions are both of the second order, or if one of 
them is unimolecular and the other bimolecular, it is possible by 
a similar procedure to deduce equations in which x and i ai*e ex- 
pressed in terms of the velocity coefficients of the two opposed 
reactions, but these more complex cases will not be considered here 
from a general standpoint. 

I^aniie Zsomerism of Vitro-camphor and its Derivatives.^ 
Solutions of nitro-camphor or other secondary nitro-derivatives of 
.camphor exhibit the phenomenon of mutarotation. The progressive 
change in rotatory power appears to depend on a particular grouping 
in the molecule, for the mutarotation occurs in all solvents. It is 
probable therefore that the change involved is an intramolecular 
transformation which is independent of any chemical interaction 
between the nitro-camphor and the solvent (vol. i, p. 199). 

In the case of ir-bromonitro-camphor, both isomers or isodynamic 
forms have been isolated. The normal form melts at 108^, and has 
a rotatory power [oi]b « - 51^ in 8*88 per cent benzene solution at 
18^ The pseudo form melts at 142^ and its rotatory power 
[a]i> B + 188^ in 8-88 per cent, benzene solution at 15^. These 
rotation values have reference to the freshly prepared solutions only, 
for each solution changes gradually in its rotatory power and in each 
case the same final rotation is obtained [(x}d = + 88°. This then is 
the rotatory power of an equilibrium mixture of the two isodynamic 
forms, the equilibrium condition resulting from the equality of the 
speeds of the opposed reactions represented by 

XH.NOa yC.NOH 

CsHiaBr | :Z G,K,,Bt \\^ 

XJO XIO 

normaL pseudo. 

Measurement of the rotation of the solution after suitable time 
intervals enables the progress of the reaction to be followed very 
conveniently. If Tq denotes the initial rotation of a solution of the 
pseudo form, r the rotation after time t, and r^ the equilibrium 
rotation, then, since x is proportional to (ro - r) and ^ to (ro - r^ ), we 
may write 1^1 r.-r 



^ Lowry, lYans. Chem. Soc, 1899, 76, 811 ; B, A. Rtport, 1904. 
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In tlie following table are recorded the results obtained with 
a 5 per cent solution of pseudo ir-bromonitro-camphor in chloroform 
solution at 14^^ 
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The concordance of the numbers in the third column affords 
satisfactory evidence of the correctness of the view that the muta- 
rotation is due to reversible isodynamic change. Whether or no the 
transformation of the pseudo or the normal form is subjected to 
dynamic investigation, it is obvious that the value of A; + A^ should 
be the same. In this particular case, actual experiment gave diver- 
gent values, for whereas A^ + V ^^^^ found to be 0-0188 from 
observations of the rate of transformation of a 8-88 per cent, benzene 
solution of the pseudo form, the corresponding value calculated from 
the data for the normal form was only 0-0064. It is very probable 
that the difference in the two values is due to secondary disturbances, 
for the isodynamic change in question has been shown to be 
extremely sensitive to traces of impurities. 

In solvents which contain oxygen the velocity of the isomeric 
transformation is much greater than in hydrocarbons, carbon di- 
sulphide, or chloroform. Bases like piperidine in chloroform and 
benzene solution, and sodium ethoxide in ethyl alcohol, accelerate 
the change enormously. Neutral salts also exert an accelerating 
effect although of much smaller magnitude, and the influence of acids 
is still less marked. 

In general, the isodynamic change begins as soon as the substance 
is brought into solution, but anomalous results have been found in 
certain cases.* In chloroform solution, for example, normal nitro- 
camphor was found to be comparatively stable ; this was afterwards 
found to be due' to the presence of small quantities of carbonyl 
chloride (formed by oxidation of the chloroform) which converts 
any traces of ammonia or other aminic impurities into inert carb- 
amides and so destroys their catalytic action. By the addition of 

^ Lowry, Joe. eit 

' Lowry and Magaon, Trans. Chem, 8oe., 1908, 08, 107. 

* Lowry and Magson, Tram. Oirnn. Soc, 1908, 08, 119. 
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small quantities of carbonyl chloride (or other acid chlorides), the 
isodynamic change can also be arrested in other solvents. 

From his observations on the isodynamic change of the secondary 
nitro derivatives of camphor, Lowry assumes that the presence of 
a catalyst is necessary before the change can occur. Such changes, 
which belong to the keto-enol type, are brought about by substanoeSy 
all of which may be represented by the general formula JTX, such as 
water, alcohols, acids, amines, and bases, and the way in which these 
act is supposed to be by the formation of addition compounds^ from 
which the catalyst may be eliminated in a different way firom that 
in which it entered into combination with the original substance. 

Kntavotation of the Mono ■acohfcroges.* The mutarotation 
phenomena exhibited by the mono-saccharoses are closely similar to 
those which have been referred to in the preceding section. The 
or- and )3-forms of glucose represent isodynamic modifications, and 
their aqueous solutions exhibit gradual changes in rotatory power, 
the ultimate rotation being the same independently of whether the 
original solution was prepared by dissolving the a- or the ^-form. 
The equilibrium mixture corresponds with what was at one time 
supposed to be a third modification of glucose (vol. i, p. 880).' 

Lactose shows exactly similar relationships, and from Erdmann's 
observations ' on the rates of change of the two isomeric forms, it has 
been found * that (A^ + hi^ has the same value whether the sum of the 
velocity coefficients is calculated from the direct or the reverse 
reaction* This is shown by the following data : 
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Within the limits of experimental error, the mean values of *i + A^' 
are identical, and the requirements of theory are therefore fully 
satisfied in this important particular. 

I Of. Ureoh, Ber., 1882, 15, 2180; 1888^ 16, 2370; 1884, 17, 1547; 1885, 18, 
8047. 

> Lowry, Proc Chem, Soc. 1904, 20, 108; Tanret, BuO. Soe. Chifn.f 1871,15, 195, 
849; 1872, 17, 80a 

> B$r,, 1880, 18, 2180. 

« Hudflon, MU physik. CSkam., 1908, 44, 487. 

II B 
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Formation of laotoiiMteimy- and S-lijdrozyaoidfl. Inpresenoe 
of mineral or other strong adds, y-hydroxybutyric add is partially 
conrerted into the corresponding ladK>ne^ the reaction being reverdbloy 
as represented by the formula 

CHaOH CHa 

CHa / CHa 

t/Ua X l/xla 

COaH CO 

Whereas the dehydration of the acid appears to be a unimolecular 
process, the hydration of the lactone inyolves the interaction of two 
molecules and is therefore bimolecular. Since the water is present 
in large excess, however, its active mass remains practically constant, 
and on this account the hydration may be expected to proceed in 
accordance with the equation for a unimolecular change. In 
presence of a sufficient quantity of mineral acid, which accelerates 
both reactions to exactly the same extent since it is without influence 
on the final equilibrium, the reaction takes place at a convenient 
speed at the ordinary temperature and can be followed by titration 
of the unchanged acid by means of a standard solution of alkali. 
The following data were obtained by Henry ^ in an experiment at 25° 
with a solution containing initially 0*1767 mol y-hydroxybutyric acid 
per litre, normal hydrochloric acid being used as catalyst: 
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In the absence of an add catalyst, y-hydroxy acids are also slowly 
converted into the corresponding lactones under the influence of the 
hydrogen ions which are formed by their own electrolytic dissociation. 
Under these circumstances, the change affords an instance of an auto- 
catalysed reaction, and on the assumption that the opposing reactions 
are accelerated in proportion to the concentration of the hydrogen 
ions and that it is the undissociated add which undergoes dehydration, 
it is posdble to obtain an expression for the progress of the change 

1 Ziit, physOc CKMfik, 1892, 10, 96. 
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which is also in saiisfiictory agreement with experimental observa- 
tions (compare Henry, loc. dt). 

Ssteriilcation. The formation of an ester from the corresponding 
alcohol and acid affords an example of a reversible bimolecular 
change, as might be expected according to the formula 

ROH + E^COjH :^ RiCO,R + HaO 

When esterification or ester hydrolysis occurs in aqueous alcoholic 
solutions under the influence of an acid catalyst, the active masses 
of the alcohol on the one hand, and of the water on the other, 
remain unaltered during the progress of the reaction, and in accor- 
dance with this it has been found that both esterification and ester 
hydrolysis proceed at a rate which can be calculated from the equation 
for a reversible unimolecular change. 

The following data were obtained by Eistiakowsky ^ for the esteri- 
fication of formic acid in 41 per cent alcoholic solution at 24*76^ 

Formic actd^ 0-0668 mol per Uire. HCl, 0*0262 mol per lUre. 

^1 
106 
106 
107 
105 
110 
107 



When ethyl formate is hydrolysed under the same conditions, 
values of A^ and h^ are obtained which are equal to those recorded in 
the above esterification experiment. 

From the previous discussion of esterification and ester hydrolysis 
(see pp. 210, 221) it appears that ester hydrolysis in aqueous solution 
and esterification in alcoholic solution are changes which in presence 
of an acid catalyst take place in agreement with the equation for 
a non-reversible unimolecular reaction, whilst in aqueous alcoholic 
solutions both changes proceed in accordance with the requirements 
of the equation for a reversible unimolecular reaction. When none 
of the reacting substances is present in large excess, the dynamical 
course of both esterification and ester hydrolysis can only be repre- 
sented by the equation for a reversible bimolecular reaction* 

If equimolecular quantities of ethyl alcohol and acetic acid are 
mixed together and the volume containing the gram molecular 

^ Zeit phueik, Chem,, 1898, 27, 250. 
b2 
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quantity of each is taken as unit volume, then the rate of ester 
formation will be gi^en at any moment by the equation 

Since equilibrium is attained when almost exactly two-thirds of the 
reacting substances have been transfonned into ester and water, 
it follows that 

By making use of (2) in the integration of (1) we obtain the 
relationship i o ^ 

The following table records the observations of Berthelot and 
Saint-Oilles * on the speed of ester formation at the ordinary room 
temperature; from these data are calculated the values of the 
coefficient X^ » ilc^^ 

iCday$) 19 41 64 108 187 167 190 oo 

X 0*121 0*200 0*250 0*845 0*421 0474 0*496 0-677 

fc, . ikt' — 0*0072 0*0061 0*0068 0*0052 00056 0*0058 0*0057 » 

From the series of Jc^ values, it appears that the observed course 
of the reaction is in satisfactory agi^eement with theory except in the 
initial stages. The apparent diminution of the speed during this 
part of the reaction is perhaps connected with the influence of the 
water, initially formed, on the properties of the acid, and, if so, the 
e£fect is analogous to that which has been already noted in the case 
of esierification in absolute alcoholic solution. 

According to Knoblauch's experiments* the same values are 
obtained for the velocity coefficients k^ and V independently of 
whether these are deduced from observations on the speed of esteri- 
fication or of ester hydrolysis. 

Ck>nv«nion of AUyl Ammonium QyanatM into the oon^ 
•ponding CarhamidMk Although the formation of carbamide from 
ammonium cyanate has been discussed on p. 226 as a bimolecular 
non-reversible change, this can only be justified on the ground that 
the speed of the reverse reaction is relatively small. In the case of 
certain of the alkyl ammonium cyanates' the difference in the 
velocities of the opposed reactions is not nearly so large, and it 
becomes necessary to take the reverse transformation into account. 

> Ann. Chim. Phya,, 1862 (8), 66, 885 ; 1862 (8), 60, 5 ; 1868 (8), 68, 225. 

* ZeiLph^tik. Chem., 1897, 22, 26& 

* Walker and Appleyard, Trana. Ckem, Boo,, 1896, 60, 198. 
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For a dialkyl ammonium cyanate we have therefore a reversible 
reaction represented by 

yNHB 
NHoRoCNO :s± C0< 

\nhe 

the speed of formation of the carbamide at any moment being given by 

By integration of this and the relation between To and 1^ which is 

afforded by the state of equilibrium, namely K = Ic/V » f— Twi ^ &n<l 

1^ may be evaluated in terms of a> £ x^ and t^ and experiment shows 
that the decomposition of the alkyl ammonium cyanates can be 
adequately accounted for on the assumption that the actual change 
is the resultant of two opposed reactions, one of which is bimolecular 
and the other unimolecular. 

In the appended table are given the values of Ic and Iff for a series 
of alkyl derivatives : 
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On comparing the values of Ic/V for the dialkyl and the corre- 
sponding mono-alkyl derivatives it is seen that the relative speed of 
the reverse change is much greater for the former than for the latter. 
In agreement with this is the fact that carbamides are not formed to 
any appreciable extent from the tri-alkyl and tetra-alkyl ammonium 
cyanatea 

Coaifl6ontiv« Beaetions. In many reactions the number of re- 
acting molecules, which is indicated by the dynamical data, is quite 
different from that which corresponds with the chemical equation. 
According to the equation for the oxidation of oxalic acid by potassium 
permanganate in presence of sulphuric acid, 

2KMn04 + SHjCaO^ + SHaSO^ « K2SO4 + 2MnS04 + SH^O + lOCOj 

it might be supposed that ten molecules (2 + 5 + 8) are involved in 
the intermolecular transaction by which the final products are 
obtained. In general, however, the velocity curves of complicated 
reactions of this character can only be satisfactorily interpreted on 
the assumption that the actual change which determines the velocity 
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is of a simple character, that is to say, of the first, second, or possibly 
the third order. Hence it seems probable that such reactions take 
place in two or more stages and belong to the group of consecutiye 
reactions. 

Such consecutiye changes will exhibit differences according to the 
number, the relative speeds, and the orders of the successive stage 
reactions and also according to whether the component reactions are 
reversible or irreversible. Except in comparatively simple cases, 
the mathematical analysis of the dynamics of such composite 
reactions is of a complicated character, and in this chapter no 
attempt will be made to consider more than the simplest possible 
case, namely, that of a reaction taking place in two stages, each of 
the component reactions being irreversible and unimolecular. Such 
a change may be represented by the formula 

(1) (2) 
I^ initially, a mols of A are present in unit volume, and after time 
t the quantities of A, By and C present are a;, y, and b respectively, 
and if A*} and k^, are the velocity coefScients of the first and second 
reactions, then, according to the mass law, 

the rate of disappearance of ii is 

- -^ - *!« or 0? « a«-M, (1) 

the rate of formation of C is 

and the rate at which B accumulates is 

Further, we have the relationship 

« + y + i? = a, (4) 

and from equations (1) to (4) it can be shown that 

^ = «- ;k^(*i •«■*«'- *2.«-'»0, (6) 

in which the quantity b of the final product^ which has been formed 
after any given time interval ^, is expressed in terms of the initial 
concentration (a) of the original substance and the velocity coefficients 
"ki and k^ of the two consecutive reactions. 
By analysis of equation (5) it can be readily shown that if the 



Digitized by 



Google 



CONSECUTIVE REACTIONS 247 

velocity coefficient of one of the component reactions is very much 
larger than that of the other, the rate at which C ia formed will be 
determined by the speed of the slow reaction* Without reference to 
equation (5), however, it is quite obvious that, under these circum- 
stances, the speed of the entire change will be determined solely by 
that of the relatively slow component, and that the rapid component 
reaction will be without measurable influence. Under these con- 
ditions it is to be expected that the progress of the consecutive 
reaction will be the same as that of a simple reaction of the same 
order. In many cases, in fact, it may not be possible to distinguish 
the composite from the simple reaction, although a distinction 
may be easily drawn in others. If the first stage in the change 
A^^B^^C is relatively very slow, the rate at which is formed 
will be practically the same as the rate at which A disappears, and 
the formation of the intermediate substance may be masked. On 
the other hand, if the first stage is relatively very rapid, the forma- 
tion of the intermediate substance becomes very obvious, although 
the isolation of it from the reaction mixture may not be feasible. 

If the velocity coefficients of the successive reactions are of the 
same order of magnitude, the relationships are much more com- 
plicated. So far as the original substance A is concerned the matter 
is quite simple, for this wHl disappear in accordance with the equation 
for a non-reversible unimolecular change. On the other hand, the 
rate at which is formed depends on tiie concentration of the inter- 
mediate substance B, and this is obviously dependent on the speeds 
of the two reactions. If the quantities of A, B^ and (7 present in the 
mixture are plotted as a function of time, the curve for A falls 
continuously, that representing G rises, bi;t the B curve first rises 
and then falls, passing through a maximum. As the quantity of B 
increases from zero at the commencement of the reaction to its 
maximum value, the rate of formation of the final product increases 
correspondingly, and attains a maximum when £ is at its maximum ; 
thereafter the rate of formation gradually falls off. The point at 
which the velocity of fonnation of the final product reaches its 
maximum value is clearly dependent on the relation between the 
speeds of the two successive reaction& 

I>6eoittpogiti0n of Carbamicte "bj Acidg anil A1 Vatig. Anexample 
of a consecutive reaction is afforded by the hydrolytic decomposition 
of carbamide, investigated in detail by Fawcett * by experiments in 
sealed tubes at the temperature of boiling water. 

> ZHt phyOc, Chan,, 1902, 41, 601. 
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The first stage eonsists in the formation of ammonium 03ranate, 
which, in the second, is converted into ammonium carbonate in 
accordance with the formulae 

L 0O(NH^, 5± NH4CNO 
n. NH4CNO + 2HjO->(NH4)gC03 

From determinations of the ammonia present after different time 
intervals, it appears that the final product is formed at a rate which 
can be calculated from the equation for a simple unimolecular change. 
This is the case whether the solution is acid, alkaline, or neutral, but 
the magnitude of the velocity coefficient varies considerably according 
to the nature of the solution, as is shown by the data in the following 
table : 

HydnlytiM <fl normal cartHimidi. 
Naiwr€ qfiohUion ^1 ** 7 log^ 

^ normal HCl 102 x 1(^ 

I normal NaOH 60 x 10-« 

Neutral 6-8x10-^ 

In presence of acids, the intermediate substance, ammonium 
cyanate^ is decomposed very rapidly, but more slowly in presence of 
aUcali hydroxides. In neutral aqueous solution the vdocity cannot be 
determined, because of the fact that the cyanate is almost completely 
converted in a very short time into carbamide in accordance with the 
equation for reaction I. Since, however, potassium cyanate is deoom- ' 
posed with considerable speed into potassium carbonate and ammonia 
in neutral solution, it is reasonable to infer that ammonium cyanate 
will be decomposed with appreciable velocity under similar con- 
ditions* 

If the original solution of carbamide contains a mols per litre, and 
if X mols have been decomposed after time ^, the speed of carbamide 
decomposition at this moment will be given by 

where ki and ki are the coefficients of the opposed reactions in I. 
Since in acid solution the cyanate is decomposed at a relatively very 
rapid rate, the actual concentration of the cyanate must be very much 
smaller than x, and in consequence the second term on the right-hand 
side of the equation may be neglected. In dilute acid solution the 
speed of the reaction will therefore be determined by the velocity 
coefficient ki of the reaction 

COCNHj), -* NH4CNO. 
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In pure aqueous solution, where the velocity of decomposition 
of the eyanate is much smaller than in presence of acid, the eflfective 
rate at which carbamide is transformed will be diminished in conse- 
quence of the accumulation of ammonium eyanate and its reconversion 
into carbamide. It is probable that this operates to some extent in 
alkaline solution (compare previous table), but a further complication 
arises here in that the carbamide appears to be directly hydrolysed 
by solutions of alkali hydroxide without the intermediate formation 
of ammonium eyanate, as represented by the equation 

CO(NHa)j + NaOH + H jO « NaHCOa + 2 NHj . 

In agreement with this, it is found that the speed of the reaction 
in strongly alkaline solutions is much greater than in acid solutions, 
that is to say, greater than corresponds with the velocity coefficient 
ki • The hydrolysis of carbamide by solutions of the alkali hydroxides 
is therefore a rather complex process, involving two concurrent 
reactions (direct and indirect hydrolysis), one of which takes place in 
successive stages. 

Action of Kalogeiui on Carbonyl Cknnponnds. In reference to 
the mechanism of the process of substitution of hydrogen in certain 
compounds by halogens, experimental evidence is available which 
indicates that in the case of compounds containing the group 
: CH • CO, e. g. ketones, aldehydes, carboxylic acids and their 
derivatives, the substitution is not the result of a simple process but 
of one in which two or more successive reactions are involved. As 
a general rule, those carbonyl compounds are the most easily attached 
which are known to be capable of conversion into their enolic forms. 
In the comparable case of the nitro-paraffins it has also been observed 
that these are not capable of being brominated directly, but are easily 
converted into bromo-derivatives if first transformed into the isonitro 
form, corresponding with the enolic form of carbonyl compounds. 

In presence of a mineral acid, the aliphatic ketones react with the 
halogens in dilute aqueous solution at a rate which can be followed 
convenientiy at the ordinary temperature. When the ketone is 
present in laige excess, the halogen disappears at a constant rate, 
which is proportional to the concentration of the ketone and the 
acid, but is independent of the concentration of the halogen.^ The 
fact that the velocity remains unaltered, as the halogen disappears 
from the reaction mixture, indicates that the speed of the halogena- 
tion process is determined by a preliminary reaction in which the 

^ Lapworth, Trans, Chem. aoe., 1904, 85, 80 ; Dawaon and Leslie, Trans. Chmn. 
8oc, 1909, 05, 1860. 
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halogen is not direoUy concerned. It is therefore supposed that the 
first stage consists in the transformation of the ketone from the 
ketonic to the enolio form, and that this change is catalytically 
accelerated by the acid. This slow isomeric change is then succeeded 
by a relatively very rapid change, in which the enolic ketone reacts 
with the halogen X in accordance with the formulae 

L CH8.CO.CH8^CH,:C(OH).CH3 
11. CH8:C(OH).CH3 + Xa->CHaX.CO.CH3 + HX. 

In support of this view it may he mentioned that the speed of the 
reaction is practically independent of the nature of the halogen. 
This is to be expected if reaction II is a relatively very rapid change, 
for the disappearance of the halogen will be determined by the 
velocity coefficient of the reaction CH3 . CO . CH3 -> CHj : CO . CH3, 
and, if the active mass of the acetone is practically constant, this 
reaction will occur at constant speed which will be quite independent 
of the chemical nature of the subsequent rapid reaction* 

If the quantity of halogen per unit volume is a mols at the start 
and X mols after time i, then 

"dx/M^k, (1) 

from which, since x » a when < » 0, 

x^ma-kt (2) 

The following numbers were obtained in an experiment with 
diethyl ketone and iodine in aqueous alcoholic solution containing 
40 volumes per cent of alcohol^ In the calculation of the values of 
X in the third column, h is made equal to 0-000069. 

Diethfl ketone 0*2682 molper Uire, H^SO^ O-IO molperUtre, Temp. 25^ 



t (minutes) 


X (observed[) 


X (eaXculated) 





0-00904 


(0-00904) 


80 


0-00727 


0-00727 


CO 


0-00647 


0-00660 


80 


0-00480 


0-00482 


106 


0*00286 


0-00284 


120 


0-00204 


0-00196 


186 


0-00129 


0-00108 



24 hours 0-00022 » 

The reaction evidently slows down a little towards the end, but this 
is no doubt due to the fact that the second stage is also reversible in 
character, although under the experimental conditions it may for 
the sake of simplicity be treated as irreversible. 

Beaotion between Salogens and Ketones in the absence of an 
Add Catalyst. In the absence of an acid, the interaction between 

^ Dawson and Wheatley, Tram, Chem, Soc., 1910, 07, 204a 
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iodine and aqueous acetone proceeds very slowly and, at the ordinary 
temperature, the loss of iodine during the first two or three days is 
inappreciable. As the reaction proceeds, the Telocity increases 
continuously in consequence of the formation of the gradually 
increasing quantities of hydriodic acid which accelerates the primary 
tautomeric change in proportion to the quantity present We have 
in this case an example of an auto-accelerated reaction. Although 
in presence of mineral acid the rate of disappearance of the iodine is 
only dependent on the speed of formation of the enolic form of 
acetone, the progress of the auto-accelerated change is determined 
by the completion of a series of three consecuiiye changes which may 
be represented thus: 

I. CH3 . CO . CHg :;! CHj : C(OH) . CH3 

IL CH,:C(0H).CH3 + Ij->CH,I.c/ .CHj 

IIL CHjI. 0/ . CH3 -^ CHjI. CO . CH3 + HI 

Assuming that reactions II and III are both of high speed rela* 
tively to I, then the concentration of the hydriodic acid will, at any 
moment, be equal to the measured fall in the iodine concentration. 
If the solution contains e mols of acetone per litre, this being present 
in large excess compared with the iodine, and x mols of iodine have 
disappeared after time f, the speed of the primary tautomeric change 
and therefore that of the complete reaction will be given by 

dx/cU - hex (1) 

or, if Xi and x^ are the values of x after times ^ and t^, we obtain 

on integration 1 t «a /o^ 
k « -r: T\ In — (2) 

The following data' show that the actual progress of the change is 
in agreement with the requirements of equation (2). The progress 
of the reaction was observed by titration of the residual iodine. 

c - 0*272 molper litre. Original iodine eonceniraHon « 0*008976 mol per liire. 
Temperature 26°. 



howre) 


moUItper litre 


X 


116 


0.008884 


0*000692 


140 


0002768 


0*001218 


168 


0001616 


0*002860 


170 


0*001110 


0.002866 


174 


0*000814 


0*008162 



fc« ■ In 



c(<-116) 0*000692 

0*1060 
0*1069 
0*1064 
0.1048 



^ Dawson and Powifl, Trans. Chem. 3oe., 1912, 101, 1608. 
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Although these experiments show that the third stage in the 
reaction proceeds rapidly in comparison with the first, measurements 
of the electrical conductivity of the solution (the change in which is 
determined by the hydriodic acid set free) indicate that under certain 
circumstances there is a very appreciable lag on the part of reaction 
III as compared with II. When dilute iodine solutions (0*0002 mol 
per litre) are employed, it is found that the electrical conductivity of 
the solution increases for some time after the solution has become 
colourless, and this is no doubt due to the time factor which is 
involved in the decomposition of the intermediate iodine addition 
compound. 

(hddatioB of Alcohol. The oxidation of ethyl alcohol by bromine 
in dilute aqueous solution ' affords a further example of a reaction 
which takes place in consecutive stages, as represented by the formulae 

I. CaHgOH + Brj -> CHa . COH + 2HBr 
II. CH3 . COH + Bra + H,0 -> CHj . COgH + 2HBr 

Under the same conditions reaction II takes place with much 
greater speed than I, but, in contrast with the cases previously 
considered, the velocity of the more rapid reaction is such that it can 
be measured quite readily' under the same conditions as those in 
which the oxidation of alcohol by bromine has been investigated. 

When the ethyl alcohol is present in considerable excess, the speed 
of the first stage is solely dependent on the concentration of the free 
bromine, and diminishes continuously as the oxidation proceeda On 
the other hand, the speed of the second reaction gradually increases 
as a result of the increase in the quantity of aldehyde present. 
When the aldehyde has accumulated to such an extent that the 
ratio of the alcohol to the aldehyde concentration is equal to the 
ratio of the velocity coefficients of the reactions Hand I, it is evident 
that both will then proceed at the same rate, so that just as much 
aldehyde is produced in unit time from the alcohol as is lost by 
oxidation to acetic acid. This equality in the sx>eeds of the two 
reactions is obviously dependent on the circumstance that both are 
of the same ' order ' in respect to the bromine. If this were not the 
case, the relative speeds would vary with the amount of free bromine 
present at each stage of the reaction. The data obtained by 
Bugarszky are in satisfactory agreement with this view of the 
oxidation process. 

^ Bugarszky, Zeit. physik. Chem., 1910, 71, 705. 
* Bugarszky, ZeiL physik. Chem., 1904, 48, 68. 
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It is of some interest to note that the action of bromine on ethyl 
alcohol dissolved in solvents such as carbon tetrachloride, carbon 
disulphide, and bromobenzene is quite different from that in water 
solutions, the main product of the reaction being ethyl acetate, 
as represented by 

2CaH50H + 2Brji = CH3 . OOjCaHg + 4HBr. 

This is also the change which occurs when bromine acts on alcohol- 
water mixtures containing 80 per cent alcohol.^ 

Photo-ohemioal BeactioiiB. Many organic reactions are known 
which take place only under the influence of light Such photo- 
chemical reactions are of two kinds, namely those in which the 
chemical change is reversed when the light is cut o£f, and those which 
are non-reversible. In the case of certain reversible photo-chemical 
changes, the final state of equilibrium has been found to be dependent 
on the intensity of the light which acts on the system, and in such 
cases it may be inferred that the part played by the light rays is not 
that of an ordinary catalyst. 

In their experiments on the photo-chemical combination of 
hydrogen and chlorine, it was shown by Bunsen and Eoscoe ' that 
the activity of the rays from a definite source of light is diminished 
to a much greater extent in passing through a layer of the reacting 
gases than it is when the light is allowed to pass through an 
equivalent layer of pure chlorine. Since the absorption due to the 
admixed hydrogen is negligibly small, it is apparent that the photo- 
chemical change, which occurs in the mixed gases, is accompanied 
by the absorption of light energy. This transformation of light 
energy into chemical energy may be regarded as the distinguishing 
characteristic of all photo-chemical reactions. 

From the data obtained in the experimental investigation of 
a number of such reactions, it appears that these are in general 
unimolecular, and are distinguished from reactions which are not 
light-sensitive by the relatively small influence which an alteration 
of temperature has on the velocity with which they take place. 
These facts have led to the view that the absorbed radiant energy is 
not directly responsible for the chemical change, but that its action 
consists in a preliminary transformation of the reacting system. 
This change, which may consist in the intramolecular transformation 
of the molecules of the light-absorbing substance^ or in the formation 

^ Bngarszky, Zeit, physik. Chem., 1901, 88, 561. 
* Arm. Phutikf 1857, 101, 854. 
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of molecular complexes which act as reaction nuclei,^ is then followed 
by the chemical reaction proper, and if the speed of the latter is 
relatiyely very large it is obyious that the rate of formation of the 
products of the photo-chemical change will be determined by the 
speed at which the preliminary light change occurs. 

If the system in which the photo-chemical reaction occurs is 
homogeneous, then, according to Nemst,' the yelocity of the reaction 
at any moment will be given by the ordinary kinetic equation 

v^h.aT.V" ...-V^iP ... 

in which a, 6, •.. o, d ... are the concentrations of the reacting sub- 
stances, f»s n, ... j>, 9 ... the number of molecules of the seyeral 
substances actually inyolved in the change, and k and V are the 
velocity coefficients of the two opposed reactions. The values of 
h and k' depend on the intensity of the light acting on the system, 
and for light of the same kind are, in certain cases at any rate, 
proportional to the intensity. In consequence of absorption, the 
light intensity varies from point to point of the reaction mizturet, 
with the result that differences in concentration, due to the varying 
reaction velocities, occur, which can only be equalised by the opera- 
tion of diffusion or by mechanical mixing. On this account^ it 
is evident tliat the velocity coefficients which are obtained in any 
series of experiments can only represent average values, which are 
influenced by the particular conditions under which the reaction 
is allowed to take place. 

Although in the case of certain non-reversible changes the 
experimental observations of the rate of change appear to be in 
satisfactory agreement with the above general equation, it is im- 
probable that this can be regarded as the expression of the funda- 
mental law of photo-kinetics. According to Luther and Weigert,' 
the ordinary dynamic equation is certainly not applicable to re- 
versible photo-chemical changes, and these authors formulate the 
fundamental law in the following words — ' the quantity of a substance, 
sensitive to light, which undergoes change in a given element of 
volume per unit of time, is proportional to the light absorbed during 
the same time by the substance contained in this volume element' 

This quantitative statement is obviously one which refers only to 
the primary reaction in which the light rays are directly involved, 
and does not necessarily determine the rate of formation of the final 

> Cf. Weigert, Ann, Physik, 1907 (iv), 34, 248. 

' ThsoreUschs Chemie, Sixth Edition, trans, by H. T. Tizard, 1911. 

> Zeit.phy80c, Ohem., 1906, 51, 297; 1905, 63, 385. 
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products of the photo-chemical change, for the rate at which these 
are produced will be influenced by the relative speeds of the primary 
light change and any subsequent change or changes of a non-photo- 
chemical character. The velocity of these subsequent changes will 
of course be regulated by the operation of the mass law as expressed 
in the above general equation (p. 254). 

As an example of a reversible photo-chemical change which has 
been examined in detail, the polymerisation of anthracene will be 
considered. 

Anthraoeiie ^ Biantliraoene. It was observed by Fritzsche ' 
that a benzene solution of anthracene deposits an insoluble poly- 
meric substance when exposed to sunlight. Orndor£F and Cameron * 
showed that this substance is dianthracene, which is produced 
according to 2C14H10 — > C28Hso • According to Luther and Wdgert,' 
the change is reversible, depolymerisation taking place in the absence 
of light, and in consequence of the opposed reactions a definite state 
of equilibrium is established when a solution of anthracene (or 
dianthracene) is exposed to light for a sufiScient length of time. The 
equilibrium condition is dependent on the nature and intensity of 
the light rays, the nature of the solvent, the temperature, and also 
the concentration of the solution. 

According to the results obtained in experiments with anisole and 
phenetole solutions at temperatures between 150° and 170°, the 
depolymerisation of dianthracene is a unimolecular change, the 
velocity of which is the same in the presence or absence of light. In 
the dark it proceeds to completion, and its velocity is increased in 
the ratio of 2*8 : 1 by a rise of temperature of 10° G. On the other 
hand, the polymerisation of anthracene is dependent on the absorption 
of light energy, and the velocity with which this change occurs in 
a given solvent and at a definite temperature is dependent on the 
nature and intensity of the light, the extent of the surfiAce exposed 
to the light rays, and the volume of the solution, but is independent 
of the concentration of the anthracene. As in the case of most 
photo-chemical reactions, the temperature coefficient is very small, 
a rise of 10° C. increasiug the velocity only in the ratio 1*1 : 1. 

In accordance with the above &cts, tiie rate of progress of the 
photo-chemical change can be represented by the equation 

dx/dt '^ hi-k^x, (1) 

^ J. prakt, Gftm., 1866, 101, 887 ; 1869, 106, 274. 

* Anm. Ch$m, Joufn.y 1898, 17, 668. 

• loceU. 
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in which x is the concentration of the dianthraoene at any moment^ 
V the velocity coefficient for the reaction CgsHjo *> 2C14HX0 which 
is independent of the incident light, and A^ ft quantity characteristic 
of the reverse change 2C14H10 — > CggHso which is, moreover, pro- 
portional to the intensity of ti^e absorbed light and the area of the 
light-absorbing surface, and inversely proportional to the volume 
of the reaction mixture. 

If «« is the dianthraoene concentration at the commencement and 
i ^ 'kifU the corresponding equilibrium value, then, by integratioii, 
we obtain 1 t^v 

or, if the solution contains no dianthiacene at the starts that ifi» 
if a?o -» 0, then 

The following table shows the approximate constancy of V during 
the progress of the reaction, the data given being the results of an 
experiment in phenetde solution at 167^. 


125 
226 
870 
460 
666 
790 

i - 812 

From an examination of all the observations relating to the photo- 
chemical change, it may be inferred that dianthraoene is not an 
immediate product of the light action, and Luther and Weigert 
suppose that intermediate photo-chemically sensitive substances 
are formed. If this assumption is made, then all the facts can be 
satisfactorily interpreted on the basis of one or other of the two 
following schemes, in which A » anthracene, D «= dianthraoene, 
A^ B ' photo-anthracene ' and 2>i » 'photo-dianthracene *• 

(1) ii + light -* iii ; 2^1 -* D 

slow rapid I 



^fOArocwM (mtOtmoIf pm Utn) 


X 


if. 10 


87-2 


_ 


— 


81-8 


2*71 


82-2 


29*4 


8-90 


29-0 


271 


6-07 


26-4 


26*5 


6-87 


28-4 


24*8 


6-46 


27-9 


280 


711 


26*8 



alow 

(2) JL + light ^ Di; JDj -> D 

instantaneous slow 



slow. 
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Catalysed Beaetions. The velocities of many organic reactions 
are greatly accelerated by the addition of substances which appear 
to have no other effect than that of increasing the speed of the 
change. Acids and bases are the most generally active substances 
of this character. 

The view usually accepted in regard to such catalysed reactions 
is that the catalyst forms an addition compound with one or other 
of the original reacting substances, and that the subsequent decom- 
position of this intermediate substance liberates the catalyst and 
yields simultaneously the products of the chemical change. Evidence 
in support of this view has been obtained, not only in the case of 
the simple catalysts like the acids and bases, but also from a study of 
reactions in which enzymes play a corresponding part (vol. i, p. 868). 

In those cases in which the rdle of the catalyst consists in the 
formation of intermediate compounds, it is evident that, from 
a dynamical standpoint, we have to deal with reactions which 
occur in consecutive stages, and that the phenomena of catalysis 
will therefore be determined to some extent by the relative speeds 
of the successive changes in which the catalyst is involved. 

Inflnmioe of SolTont on Beaetioa Velooity. The speed of 
a given reaction not only depends on the active masses of the reacting 
substances and on the temperature^ but varies in a marked manner 
with the medium in which the reacting substances are dissolved. 
This solvent influence cannot be referred to catalytic action, for in 
the case of reversible changes it has been shown that the state of 
equilibrium differs considerably according to the solvent, whereas 
a true catalyst, in consequence of the equality of its accelerating effects 
on the opposed reactions, would be without influence on the final 
condition of the system. 

In the investigations, which have had for their particular goal 
the elucidation of the influence of the medium, organic reactions 
have been almost exclusively examined. The data in the following 
table suffice to show that the influence of the solvent on the speed of 
chemical change is not determined by the specific character of the 
solvent, for the order of the solvents, when tabulated according to 
the velocities of one reaction, is in general quite different from the 
order obtained when a second reaction is made the basis of com- 
parison* 

Under I are given the relative velocities for the reaction between 
triethylamine and ethyl iodide at 100^,^ under II corresponding 

1 Mensehutkin, Zeii.phf8(k. Chm., 1890, 6, 41. 
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numbers for the inversion of menthone at 20^,^ and under III the 
values for the conversion of the syfi4oTm of anisaldozime into the 
OMM-form at 26^.* 



BobmU, 


I. 


IL 


in. 


Methyl aloohol 
Ethyl aloohol 


9-87 


100 


2-07 


20S 


2-80 


1-86 


Isobutyl alcohol 


1*48 


4-64 


O-M 


Allyl alcohol 


2*40 


0-68 


1*66 


Benzyl alcohol 


743 


0*87 


814 


Benzene 


0-88 





8-18 


Xylene 


0-16 


.. 


2-84 


Hezane 


0-01 


— 


_ 



That the influence of the solvent on the speed varies very con- 
siderably according to the nature of the reaction is also shown by 
a comparison of the quantities of the two sets of products, which are 
formed when two concurrent reactions give rise to the formation of 
isomeric substances, as in the case of the action of bromine on the 
homologues of benzene. Bromination experiments have been earned 
out by Bruner and Yorbrodt,' in which tiie hydrocarbon was diluted 
with three times its volume of the solvent to be examined and the 
reaction mixture kept in the dark at 26^. The numbers in the 
following table, which give the fraction of the total reacting bromine 
which enters the side-chain, show clearly that the distribution of 
bromine between side-chain and nucleus is very largely dependent on 
the solvent, and, since this distribution is detcormined by the relative 
velocities of the concurrent reactions, it follows that the influence 
of the solvent on the speed varies considerably according to the 
particular chemical change, even when very similar reactions only 
are considered. 



Soltmt. 


ToUtme, 


Bthiflbetufem. 


O-JTylene. 


p-ZyltM. 


m-^yb 


cs. 


0*861 


1*0 


.~ 


0*89 


-. 


CCl, 


0*566 


_ 


0*42 


0*68 


0*08 


ckdi. 


0*856 


0*90 


«M 


0*41 


0*01 




0*68 


_. 






GH,.CO,H 


0*04 


0*27 





— 


— 


OeHsCN 


— 


022 


.1— 


— . 


-. 


CeH^NO, 


0*027 


0*16 


0*026 


0*02 


— 



It has been supposed that the velocity differences are attributable 
to differences in the ionising power of the various solvents, and in 
support of this, it has been pointed out that there is, in certain cases, 
a parallelism between the reaction velocities and dielectric constants 
of the solvent media. The view that this is the determining fiiMrtor 

i Tubandt, Atmaim, 1907, 864, 269. 

* Patterson and Montgomerie, Tnmi. Chmn, 8oe., 1912, 101, 26. 

« Butt. Acad. Sci. Oraoow, 1909, 221. 



Digitized by 



Google 



INFLUENCE OF SOLVENT ON REACTION VELOCITY 259 

cannot be entertained yery seriously, howeyer, in yiew of the yery 
different results obtained in the inyestigation of different reactions. 

Although in certain groups of solyents there is some eyidence 
that different reactions are influenced in a uniform manner by 
the solyent, yet, on the whole, the relationships appear to be so 
erratic that it seems quite plausible to suppose that the differences 
are due to the formation of more or less stable compounds between 
the reacting substances and the solyents in which they are dis- 
solyed. 

According to yan 't Hoff, the yelocity of transformation of a sub- 
stance in different solyents is connected with the solubility of the 
substance in these media, and eyidence in support of such a relation- 
ship has been recently obtained by Dimroth.^ 

Further experimental work is necessary, howeyer, before any 
definite opinion can be expressed as to the general occurrence of such 
a relationship. 

Setarogenaoiis Baaotiona In the foregoing consideration of 
the kinetics of chemical changes it has been assumed that the 
system, in which the reacting substances are contained, is homo« 
geneous. A brief reference may now be made to the case where the 
reacting substances are brought together in different states of 
aggregation, as in the action of gases on liquids, of liquids on solids 
or other liquids, &c. In general, such heterogeneous reactions inyolye 
a succession of changes, each of which is associated with a time factor, 
as in the case of the homogeneous consecutiye reactions already 
considered. 

In the interaction between liquids and gases or solids, the actual 
chemical process occurs in the liquid phase, and the chemical change 
is therefore preceded by a physical process, yiz. the dissolution of the 
gas or solid in the liquid. 

The rate at which the final products are formed, as represented 
by a yelocity-time curye, will therefore depend on the relatiye 
speeds of the consecutiye physical and chemical changes. If the 
chemical reaction is of high speed, the rate of progress of the change 
will be determined by the yelocity of the dissolution. On the other 
hand, if the chemical change is relatiyely slow, and arrangements 
are made whereby the gas or finely diyided solid is maintained in 
efficient contact with the liquid, e. g. by a suitable shaking apparatus, 
the liquid will remain in a condition of saturation with respect to 
the gas or solid in contact with it, and, so far as the succeeding 

1 Awnalen, 1910, 877, 181. 
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ehemioal change is concerned, the actire mass of the dissolving 
substance will be constant Where the dissolving substance is a gas, 
it is presumed that the gas pressure is constant, as would be the case 
if the gas were bubbled in a steady stream through the liquid* 
Under these circumstances the ^ order' of the chemical change will 
be the determining fiiotor so far as the form of the velocity-time curve 
is concerned 

Comparatively few organic reactions of the heterogeneous type 
have been investigated dynamically, but the oxidation of the gaseous 
hydrocarbons by a solution of potassium permanganate* affords 
a simple example. In the table below are given data obtained in an 
experiment in which methane was violently agitated with excess of 
a five per cent, solution of EMnO^. 

Ptriod qf agitoHon, Votaim <iffM0um8. VoUmu change, 

6 18*0 — 

10 12*7 0-8 

16 12-4 0-8 

20 121 0*8 

26 11*7 0-4 

80 11.4 0-8 

The rate of oxidation is, according to these numbers, constant, and 
the observed rate of change is probably determined by the velocity 
of the chemical oxidation process, the solution being maintained in 
a saturated condition by reason of the intimate contact between 
the gas and the solution and the consequent rapid rate at which the 
gas dissolves. 

In gas reactions, where the nature and extent of the surface of 
solids in contact with the reacting gases have been shown to have 
a large influence on the velocity of the combustion or other chemical 
change, it is probable that successive processes, which may be 
grouped under the head of heterogeneous reactions, are frequently 
involved. 

Refebekobs. 

Studi$$ in Ckemioal DynamieSf by J. H. van 't Hoif and E. Cohen. Trana. by 
T. Ewan. WiUiams and Norgate, 1906. 

ChemieeU StoHca and Vynamuxy by J. W. Mellor. Text-books of Physical 
C4iemistry. Longmans, 1904. 

^ y. Meyer and Saam, Ber. 1897, 80, 1986. 
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CHAPTER IV 

PHYSICAL PROPERTIES AND STRUCTURE 

A coxPLBiB knowledge of the structure of the different kinds of 
atoms and the forces inherent in them would enable us to picture 
not only the chemical attributes of different substances, but also 
the atomic and molecuLur forces which determine their cohesion 
(capillarity, yiscosity, and density) in the liquid state, their crystalline 
form in the solid condition, their heat of fusion, of yaporisation, and 
of formation, and their action on light (refraction, rotatory polarisa* 
tion, absorption, &c.). But so limited is our knowledge of the 
nature of the atom that not only are we unable to predict with 
any degree of confidence any one of the above attributes of the com- 
pounds into which the atoms enter, but there are few cases in which 
these properties have been brought into direct relation in one and 
the same substance. The reverse process, namely, by observations 
of the various physical attributes of compounds to connect them with 
those chemical properties upon which our knowledge of structure 
mainly rests, has afforded an attractive field for investigation. The 
application of the process to the study of organic compounds offers 
unusual advantages from the fact that it is in this domain of 
chemistry that the determination of structure by chemical methods 
has been pushed to its farthest extent. 

Let us consider for a moment how a series of purely empirical 
observations of physical properties, resting upon no theory of atomic 
relations, may be made to subserve the study of structure. Suppose 
a particular physical property of a homologous series of paraffins 
to be determined, the results must be so formulated that a com- 
parison can be instituted between the molecular effect of the different 
members of the series. Experiment will probably reveal a numerical 
difference (increase or decrease) between the successive members, 
and thus the value for CH^ is given. Other series, such as those 
of the aldehydes and acids, may be taken, and the difference between 
parallel members of the two series will give the value for hydroxyl 
oxygen ; the difference between aldehydes and multiples of CHj wUl 
determine the value for carbonyl oxygen, and so forth. Thus, a number 
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of constants will be obtained for certain atoms or groups from which 
tho values for compounds of unknown structure may be calculated 
and compared with those derived from direct observation. 

It may happen, however, that the property is merely additive^ 
that is to say, there is a constant value for each element inde- 
pendently of the nature of its attachment Such a purely additive 
property is mass and also the resistance of a gas or vapour to penetration 
by or rays. It is clear that it will tell us no more than the molecular 
formula. The question of structure will not be touched. We have 
therefore to distinguish between a purely additive property and one 
which is partly additive and partly constitutive, such as refractivity 
or rotatory polarisation. Again, we find physical properties very diffe- 
rently influenced by constitutive relations. The cause of rotatory 
polarisation is, on its qualitative side, a purely constitutive one, that 
is to say, it is determined entirely by atomic arrangement and not 
by mass. On its quantitative side it is partly additive and partly 
constitutive, depending both on the mass and structure of the 
molecule. The connection between the two is at present so ill- 
defined that constitutively the property has little value.^ 

Consequently, in selecting a physical property which is capable of 
throwing light on molecular structure, we must be guided by the 
numerical amount as well as by the constancy of the constitutive 
effect. For if the numerical value—say between singly and doubly 
linked oxygen or carbon or between an open and closed chain of 
carbon atoms — ^is very small, it may be masked by errors of observa- 
tion, or, again, if it varies from member to member in the same or 
different series, it will ful to give that constant value, which should 
serve as a basis for calculation. For example, the refractive constant for 
hydroxyl oxygen (OO has been found to vary between 1*38 and 1*62 
in one series, that of ester oxygen (0<) between 146 and 1*99 in 
another, the mean of the first being 1*49, that of the second 1*65. It is 
clear that the line of division between the effects of the two kinds of 
oxygen union is not sufficiently sharp to enable the nature of the union 
in a given individual to be foretold from its refractivity. Again, the 
refractive value of one double bond is fairly constant, but a second 
double bond in its vicinity has usually more than double the value. 
Thus, constancy of constitutive effect becomes an important factor in 
ascertaining structure. 

The power of selective absorption of organic liquids and sub- 
stances in solution stands in a somewhat different category from 
other physical properties, inasmuch as the relations here are largely 

1 P. F. Frankland, 2Va»». Chenu iSoc, 1912, 101, 654. 
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qualitatiye and cannot be represented numerically. lake rotatory 
polarization on its qualitatiye side, the property can only be usefully 
applied for constitutiye purposes on the basis of a satisfactory 
theory. At the same time the position and character of the abeorp* 
tion bands of similarly constituted substances will often reveal the 
structural correspondence of certain groups. 

L MOLECULAB VOLUME 

It is natural to suppose that the yolume occupied by different kinds 
of atoms and molecules under similar conditions will be different, 
and it would not appear remarkable if the same atoms, differently 
combined, occupied different spaces. Should this be the case the 
molecular volume of a compound would afford valuable information 
as to its structure. How can we measure the size of a molecule? 
The volumes occupied by equivalent molecular weights of gases and 
vapours under the same conditions are the same, and they clearly 
cannot be employed for the purpose. Liquids possess certain advan- 
tages over solids, in that the former are homogeneous in every direction 
and do not exist in allotropic forms. If, then, we determine the 
volume in cubic centimetres occupied by 1 gram (that is, the reciprocal 
of the specific gravity) we shall obtain the relative voliunes of equal 
masses in the liquid state, or, when multiplied by the molecular 
weight, the relative volume of molecular masses, or tnoUctdar volume. 
This is given by the expression, 

V Molecular weight 
^ Density 

We must remember that this expression includes the space between 
the molecules as well as that occupied by the molecules themselves. 
It also includes the space between individual atoms. Both these 
will be affected by change of temperature, and it is important there- 
fore at the outset to fix upon a suitable temperature for comparison. 

The difficulty in the choice of temperature has to some extent 
been met by the application of van der Waals' well-known gas equation 
to liquids : 

(j>+5)(t;-6) = Br. 

It can be shown that at the critical temperature and pressure t; » Sb. 
It is noty however, necessary to determine the critical volume by 
direct observation, which would present many difficulties, for van der 
Waals has shown that corresponding temperahireSp that is, tempera- 
tures which are equal fractions of the respective critical tempera- 
tures, may serve the purpose equally well Eopp, who was the 
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first to make an ezhaustiye study of the subject, took as the 
standard temperature the boiling-point at atmospheric pressure, and, 
although he was not at the time aware of the fact, it has since been 
shown that this temperature is approximately the same fraction, 
that is, about two-thirds of the critical temperature measured on the 
absolute scale. Other observers have preferred to fix on one definite 
temperature and hare examined substances at 0^, others again at the 
melting-point. All three methods possess certain advantages, and 
all, it may be added, have their defects, but there is little doubt that 
the boiling-point temperatures give on the whole the most regular 
series of results. 

Kopp's measurements were made by taking the density at the 
ordinary temperature and calculating that at the boiling-point from 
the thermal expansion, but methods for direct observation have 
since been devised. From these earlier determinations Eopp ^ laid 
down the following general rules : 

1. Among analogous compounds, the same difference of molecular 
volume corresponds to the same difference of composition. 

2. Isomeric liquids have the same molecular volume. 

8. By replacing two atoms of hydrogen by one atom of oxygen the 
molecular volume is unchanged. 

4. An atom of carbon can replace two atoms of hydrogen without 
change of volume. 

On the assumption that the molecular volumes were the sum of the 
atomic volumes of the elements, Eopp ascertained the value of the latter 
as follows : from a series of homologous compounds he found GHj « 22, 
and, according to rule 4, C«" 11, Hb6-6, and from 8, O^ 11. When 
these values were calculated for compounds of the formula CaHbOc it 
was seen that the molecular volumes did not invariably conform to the 
calculated values, and the property was therefore not strictly additive. 

Kopp showed subsequently that the calculated value would 
correspond with the observed result if account were taken of the 
nature of the oxygen atom ; whether, according to the theory of 
types then in vogue (vol. i, p. 44), it was extra- or intra-radical oxygen, 
or, as we should now say, singly or doubly linked. The value for 
doubly linked oxygen was found a little higher than that for one 
atom of carbon, namely, 12 '2, whilst hydroxyl oxygen was derived 
from the value of water, 18-8 less 2Hb11*0, which gives 7*8. On 
this new basis the calculated values for forty-five different com- 
pounds did not vary by more than 4 per cent. Acetic acid, for 
example, gave the following calculated and observed values : 

1 AnndUn, 1855, 06, 158, 808; see also Ostwald^s Lehr^fueh, 1884, vol. i, p. 810. 
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2C"22 
4H-22 
(y - 122 
(y - 78 

6r"(calc.) 
687 (obB.) 

From the molecular volumes of compounds containing the halogens, 
sulphur, and nitrogen in place of hydrogen the following values were 
obtained: 

CI « 228 I I -> 876 

Br « 27*8 I 8' - 22-6 

The values for nitrogen, like those for oxygen and sulphur, were 

found to vary in different compounds; in ammonia N ■•2*8, the 

cyanogen group, CN^ 28, and the nitro group, NO,-* 88, which give 

enormous variations for nitrogen, supposing that the whole difference 

is concentrated on the one kind of atom, an assumption which is by 

no means certain* Kopp, at the close of his research, suggested that 

the volumes of elementary atoms might be multiples of a common 

constant, whose value lay between 5*1 and 6*9 ; but this view can 

hardly be sustained in face of those derived from H2O and GS^. 

A similar view was entertained by Schroeder, who suggested that 

the atomic volumes of different atoms were the same or a multiple of 

the same number, which might vary slightly in different compounds, 

and he called this unit a stere, the value varying from 6*7 to 74. 

0" 
C, H, 0' and -^'^1 store. The value for CH, would be about 

21 ; O'^O' would also be 21. Formic acid, CH2O2, would be 2 x 21 
« 42 ; acetic acid, C^fi^'C/ = 2 x 21 + 21 - 68, and so forth. 

Many years later (1865) Buff took up the subject again and showed 
that unsaturated carbon and sulphur have, like oxygen, a higher 
value than the singly linked atoms. To doubly linked sulphur the 
number S'^ « 28*8 was assigned. 

Fresh light has been thrown on the effect of constitutive influences 
on molecular volumes by the work of Bamsay, Thorpe^ and Lessen. 
The first described a method for estimating density at the boiling- 
point Thorpe, from the results of very careful observations, was 
able to prove that structural isomers differ slightly in molecular 
volume, that liquid elements have the same atomic volume in the 
free state as when combined, and, using Eopp's numbers for G, H, 
and 0, that chlorine, bromine, and iodine possess the constants 22*7, 
28* 1, and 860 respectively. 
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Lossen re-calculated on a uniform basis the material already 
collected. He found that the fatty aoida and ethers closely follow 
Kopp's law and that the alcohols exhibit certain yariations, methyl 
alcohol, for example, having a larger molecular Tolume than the 
calculated one and the higher alcohols a lower value. The aldehydes 
show a similar divergence. The molecular volumes of unsaturated 
compounds were generally higher than the calculated numbers. 
Among the aromatic compounds no general rule could be laid down 
so as to bring the observed and calculated results into harmony. 
Lossen concluded that whilst the elements in each class of compounds 
had a determinate value, it varied from one dass to another. 

Schiff was able to throw new light on the subject with the aid of 
a large amount of fresh material. He found, in the first place, that 
substances with a higher boiling-point possess a higher molecular 
volume. He found further that, among the esters, the molecular 
volume increases with an increase in the number of carbon atoms in 
the alcohol radical and with a decrease in that of the acid radical ; 
but his most interesting achievement was the confirmation of Buff's 
view as to the increased value of the ethenoid linkage. This increase 
he estimated at four units ; but he assumed that benzene was saturated, 
an assumption which is not always supported by its chemical or 
physical properties. A comparison of diisobutyl, CgHig » 184*6, with 
ethyl benzene, CgHio » 188-95, shows a difference of 46*46 for eight 
hydrogen atoms ; but caprylene is CgHje « 177*2, whereas it should be 
188*96 + J X 46*46 = 178* 14, a difference of four units. 

Later determinations have modified this result by a direct com- 
parison of a saturated with an imsaturated compound containing the 
same number of carbon atoms. 

With this brief historical introduction we will proceed to examine 
some of the experimental data. 

With a delicate balance it is possible to estimate specific gravities 
with accuracy to 1 part in 100,000, and, as this is the principal factor 
involved in the determination of molecular volumes, the method 
experimentally leaves little to be desired. 

But on comparing results of different observers they are frequently 
found to vary by one per cent. This is a significant fact, and is 
probably to be ascribed to the impurity of the substances employed, 
which would affect both boiling-point and thermal expansion as well 
as the specific gravity. 

Zflouario Compounds. From his earlier observations, Kopp 
assumed that the atomic volumes were constant If this were the 
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case isomeric compounds should possess the same molecular volume. 
The following series represent different types of isomeric compounds 
and their molecular yolumes : ^ 









A 








A 


Substance. 


B. P. 


M.V. 


per 
cent. 


Sabetance. 


B. P. 


M.V. 


per 
cent. 


ti^Hexane 


69'* 


140-0 


2-5 


Propyl aldehyde 


ir 


75-4 


2-4 


Diisopropyl 


58 


186-5 


Acetone 


56 


77-2 




n-Heptane 


98-4 


162-6 


0-7 


Ethylene chloride 


84 


85-8 


4-0 


Isoheptane 


90-8 


162-0 


Ethylidene chloride 


59 


88-9 




n-Propyl alcohol 


97-4 


81-2 


1-9 


Diethylamine 


65 


109-0 


2-6 


Isopropyl alcohol 


82-8 


82-8 


Butylamine 


65 


106-2 




n-Butyl alcohol 


108 


102-1 




o-Xylene 


141 


188-5 




Trimethylcarbinol 


88 


102-4 




m-Xylene 
p-Xylene 


188 
188 


189-8 
140-2 


— 


Dippopyl ether 


91 


150-9 


0-5 










Diisopropyl ether 


69 


151-6 


Mesitylene 


164 


162-4 












Ethyl toluene 


162 


161-9 




Methyl propyl ether 


88-9 


105-1 


1-0 


Propyl benzene 


158 


161-8 




Diethyl ether 


84*9 


106-1 


X V 


Chlorotoluene 


160 


184-9 




Methyl propyl ether 
Butyl alcohol 


88*9 


105-1 


ft*9 


Benzyl chloride 


175 


188-5 




117-0 


101-9 


O d 


















Aniaole 


154 


125-2 


1-6 


n-Butyric acid 


162-5 


108-2 




m-Cresol 


206 


128-2 




Isobutyrie acid 


154-1 


108-9 




Benzyl alcohol 


208 


122-8 




Methyl propionate 


79-6 


104-6 


1-6 


Aniline 


184 


106-4 


4-6 


Ethyl acetate 


77-5 


1061 


* V 


Picoline 


188 


111-5 




Propyl formate 


81-0 


106-2 


1*A 










Buiyric add 


162-5 


108-2 


X o 


Ethyl benzoate 
Phenyl propionic acid 


209 
280 


174-6 
170-4 


2-4 



B.P. « boiling-point ; M.Y. « molecular volume ; A >» difference. 

It will be seen from the above table that constitutive differences 
assert themselves in a very striking manner. The largest differences 
are found among compounds belonging to distinct classes, the 
smallest among position isomers ; but this is not invariably the case, 
as, for example, the isomeric dichlorethanes and the isomeric butyl- 
amines, which show large differences, whereas cresol and benzyl 
alcohol are nearly identical 

Somologoiui Series. The value of Cn^ can be determined by a 
comparison of different homologous series. The following table 
gives the constants for different classes of compounds at the boiling- 
point and also the maximum and minimum values observed : 

1 Horstmann, Graham-Otto's Lehrbuoh der ChmUe, vol. i, 3, 875. 
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SeriM. 


No. of 
intervals. 


Max. and 
Min. 


Mean. 


Alcohols 


8 


19-7-22-4 


211 


Fatty Adds 


8 


21-6-28-4 


22-4 


Aldehydes (aliph.) 
Amines (aliph.) 
Alkyl iodides 


4 


19-0-220 


20-7 


6 


20-4-20-6 


20-6 


10 


211-24-8 


22*6 


Paraffins 


18 





22-7 


Esters 


15 


21-2-27-7 


2i*4 


Ethers 


18 


21-6-2d-6 


24-3 


Hydrocarbons (arom 


.) 5 


2ia-22-9 


221 


defines 


6 


20-8-281 


21-8 



It will be seen that there is not only a considerable variation in the 
constants in the different series, but a wide divei^nce in the minima 
and maxima for the same series. It should, howeyer, be pointed out 
that as a rule the yalue for CH, increases in ascending the series, 
and the longer the series and the wider the range of boiling-points 
the larger the variation. There is clearly some missing factor which 
should be introduced to bring the various constants into uniformity. 

She Constants for Carbon, Sydrogen, and Ozygen. With 
so large a variation in the value for CHa it seems hopeless to find 
a constant for carbon and hydrogen which will satisfy the different 
series. The following methods may be adopted for estimating 
the value of carbon and hydrogen. The paraffins 0„H2,|^.2 and the 
aromatic hydrocarbons, which may be written Cn+JS-^n^^j have 
approximately the same molecular volume, but the latter contain two 
atoms of carbon more and four atoms of hydrogen less than the former. 
It follows, therefore, that each carbon atom is equivalent to two 
hydrogen atoms, as Eopp found (p. 264). Another method is to com- 
pare the paraffins C„H2„+2 with the aromatic hydrocarbons of the 
same carbon content O^Jizn-ey which gives the difference for eight 
atoms of hydrogen. The values for the series are fairly constant 
and give a mean of 45-9 or 4 x 11*5 for Hj. But i£, in place of com- 
paring paraffins with aromatic hydrocarbons, other compounds are 
taken, very different results are obtained. The value for the define 
may be deducted from that of the corresponding paraffin. Although 
the define contains a double bond which might affect the mole- 
cular volume, this appears not to be the case, since the value for 
the define is almost an exact multiple of the difference for CH2 in 

the seriea 

M. V. A 

C^Hg 899 4x22-5 ^^ 

C,Hio 110-2 ?x?2-0 Ij;* 

22-8 



CtHh 



110-2 


6x22-0 


181*8 


6x21-9 


164-1 


7x220 


177-2 


8x22-2 



281 

ilTMean. 
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Calculated in this way the value for carbon becomes 144 and that of 
hydrogen (HJ is 72. 

A very similar result is obtained by taking the differences between 
two homologous alcohols and an unsaturated alcohol of the carbon 
content of the lower member. 

On-iH2„0 

The values in this case work out to C = 14-8, H « 7'0. 

Hydroxyl oxygen (0') may be determined by a comparison between 
the paraflSn and alcohol, mono- and poly-hydric alcohols or phenols, or 
again aldehyde and acid. None of these methods yield very concor- 
dant results ; by the first, the value for O' fluctuates between 4 and 6, 
by the second between 2 and 4, and by the third between 7 and 12. 

Carbonyl oxygen (O'O shows the same unsatisfactory variations. 
By comparing the olefine, C^Hg^, with the aldehyde, C^Hsn : O, the 
values derived from two sets of observations gave 6*6 in the one and 
8-8 in the other. The value of O'^ in terms of H, is given by a com- 
parison of alcohols and acids or ethers and esters. In the latter case 
the differences are so small as to lie within the limits of experimental 
error, in other words, H^ = O'^ ; but between acids and alcohols the 
value for 0^^ is in excess by 2 to 7 units, except in the case of the 
first member, where there is a decrease of 1'6 units. 

As no constant values can be attached to carbon, hydrogen, and 
oxygen, it seems useless to attempt to derive a molecular volume by 
the summation of atomic volumes. The only profitable way of 
pursuing the subject seems to be to confine it to the examination of 
the values in similarly constituted compounds in which the elements 
possess similar functions. 

She Constants fbr othev Blameiits. From the table of isomeric 
compounds it will be seen that, even in the same group, the halogen 
value is not constant, and in the same compound each additional 
halogen exhibits an increased atomic volume. The atomic volume of 
the halogen rises, though not proportionately, with increase in atomic 
weight. The difference in the atomic volumes of chlorine and 
bromine varies from 6-0 to 6*4, and of bromine and iodine from 8*2 
to 12-7. Taking as the basis the atomic volume of free bromine as 
approximately equal to that of the combined element, the values of 
the halogens at the boiling-point are 

F 7*8 I Br 261 



CI 20.8 I 86*8 
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which are very aimiUr to Kopp's first approximations. The yalue for 
the cyanogen, amino, and nitro groups are respectively 27*6, 18-8, and 
81-8 ; that of sulphur varies betweeen 12*8 and 16-8 units higher 
than oxygen. 

The Sthenoid Unkage and Sing SU ro eiu ra. The value of 
doubly linked carbon has been estimated by comparing the sum of 
the values of an define and saturated compound with the saturated 
compoimd corresponding to the sum of the elements of the other two, 
asy for example, C4H10 + C4H8 and CgHja. The differences here 
seem to be largely dependent on temperature. At 0^ the change 
from double to single linkage shows a shrinkage ; at the boiling*point, 
a comparatively small increment or decrement in different cases. A 
similar result is obtained by examining the molecular volume in the 
olefine series. At 0^ the mean difference for CH2 is 15-9, but the 
molecular volume for CnH^n is much larger than n times the mean, 
whereas at the boiling-point, as already stated (p. 268), they are 
approximately the same. 

Another way of estimating the value of the double bond is to 
compare the parafiln with the corresponding define. 



Paraffin. 


M.V. 
at b. p. 


Olefine. 


M.V. 
at b.p. 


A 


Butane 

Pentane 

Hezane 

Heptane 

Octane 


96-6 
117-2 
140*0 
162*6 
186*8 


ill 


89*9 
110-2 
181*8 
1641 
177-2 


6-6 
7-0 
8-7 
8-6 
91 



The decrement of 7-9 would account for the difference of H^, and 
hence the value of the double bond is nil. 

Ring structure may in the same way be estimated by comparing 
the values for the paraffins with those of the cycloparaffins with the 
addition of H^.^ 



Paraffin. 



M.V. 
atO*. 



Butane 96-6 

Pentane 112-4 

Hezane 127-2 

Heptane 142-6 

Octane 168-8 

Nonane 174-8 



Gyoloparaffin. 


M.V. 
atO*. 


A 


Cyclobntane 


79-0 


17-6 


Oyclopentane 
Cydohezane 


91-1 


21-8 


106*2 


22-0 


Cydoheptane 


1180 


24-6 


Oyolo-octane 


180-9 


27-4 


Cyclononaae 


169-6 


14-8 



Deducting the value for H, (7-9 units) from the differences, it is 
clear that ring formation is attended by a considerable contraction. 

1 WiUtatitter, B«f., 1907, 40, 8981. 
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U. MOLECULAR SOLUTION VOLUME ^ 
In order to remoye the disturbing effects of association or the 
formation of molectdar aggregates, to which the irregularities in 
molecular volumes have been ascribed, Traube introduced the 
method of estimating molecular volumes in dilute solution, in 
which it may be supposed the molecules are present in the un- 
associated state. If we consider a quantity of solution containing 
one gram-molecule of dissolved substance, it is evident that the 
volume occupied by the substance is equal to the volume of the 
solution less the volume of the solvent, provided (and this is by no 
means probable) the whole change in volume is due to the solute. 
This is expressed by the following equation : 

^"^ d 8' 
in which m is the molecular weight in grams of the solute, I the 
amount of solvent corresponding to the gram-molecule of solute, 
and d and 8 the densities of the solution and solute respectively. It 
is called the molecular solution vdhme. 

11 the density of the solvent in the solution is the same as that of 
the pure solvent, it is clear that the result will give the molecular 
volume of the substance, and in certain solvents this appears to be 
the case. As a rule, especially in water, methyl alcohol, &c., there is 
a considerable contraction on solution. 

Traube, in the course of a long investigation in which he deter- 
mined the molecular solution volumes of a large number of organic 
compounds (non-electrolytes) in dilute aqueous solution, found that 
the effect was additive. By the differential method, already described 
in the foregoing section, for ascertaining atomic volumes, he was 
able to assign mean values to the atomic solution volumes of the 
individual elements. These values vary in different compounds 
according to their manner of combination and the nature of the com- 
pound, but the variations, in the case of carbon, hydrogen, oxygen, 
and the halogens, fall within narrow limits. The following table 
embodies Traube's results : 





Atl5« 




Atl6» 


CH, 


161 


N/// 


1-5 





9-9 


N(CN) 


8-8 


H 


81 


N{NO0 


8-5-10-7 


O'(CO.OH) 


0-4 


Cyolle formation 


-81 


O'(OH) 
0'>andO<« 


2-8 


Doable bond 


-1-7 


6*6 


Treble bond 


-8-4 


S(SH) 


16*6 


Benzene ring 


-18-2 


CI, Br, I, CN 


18-2 


-[-8-l + (8x 


-1.7)] 



1 I. Timube, Ahrena* VorMif, 1899, 4, 26(^ , 

* 0'' » oxygen in ketonet, Ac., 0( « oxygen in ethert. 
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If the value calculated from the atomic volumes for a non- 
electrolyte in dilute aqueous solution is compared with the observed 
result, the former is foimd to be less by a nearly constant amount^ 
namely, 124 cc For example, the calculated value for methyl 
alcohol in water is 9-9 + (4 x 8*1) + 2-8 » 24-6, the observed value is 
87, or a diiference of 12-4 co. This difference is termed by Traube 
the mcteciUar eo-vdlume. The following co-volumes were obtained for 
a series of alcohols : 





Co-vol. 




Co-TOl. 


MttihTl aloohol 
IVopyl „ 


12-4 
ISl 
12*4 
11-9 
11-9 


Iioamyl alcohol 
Allyl 

Ethylene glycol 
Glycerol 
Erythritol 


12S 
lS-7 
181 
12-8 
12-6 



It, instead of water, the substance is dissolved in an organic 
solvent, the observed value for the molecular solution volume 
approaches more or less closely to that of the molecular volume of 
the pure substance. As the value is higher, there is consequently 
less contraction than when dissolved in water. The following 
examples will make this point dear: 

M. S. v* w V 

in water. in benzene. ** ^ ' 

Ethyl alcohol 62-8 68-58-2 68-1 

Acetone 66*8 72*7-72-8 72*9 

Acetoaoetic eater 117-6 12i-9-127*8 127*0 

As the constants for the elements are calculated with water as 
solvent, it follows that the co-volume for substances dissolved in 
organic solvents, or in the pure state, must be greater than 12*4, 
provided they are not associated in solution. In such cases the 
co*volume varies between 28 and 27-6 in different classes of com- 
pounds. _ 
*^ atO° 

ParaflLoa 28-9-26*8 

Olefinea 250-27-6 

Aromatic hydrocarbons 28*1-24*4 

Eaten 22*6-26-8 

Alkyl ethers 241-27-6 

Excluding the lower values, usually given by the initial members 
of a homologous series, the mean co-volume for the normal hydro- 
carbons is 24*6 C.C at 0^ and 26-9 co. at 16^ In other series where 
association occurs, especially among hydroxy compounds, lower values 
are obtained. 

The larger total contraction in aqueous solution is ascribed by 
Traube to two causes. The contraction of 124 co., which may be 
taken to be common to all solvents as well asto the pure substances, 
is supposed to correspond to the factor t;— b in van der Waals' 
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equation, that is, the space in which the molecules move. The 
additional amount, 18*5, is ascribed by Traube to osmotic pressure 
in aqueous solution or the attraction of the solute for the solyent. 

The value was obtained by comparing the aqueous solution of a 
very slightly ionised acid with its completely ionised sodium salt. 
The contraction due to ionisation, Le. the formation of two ions 
from one molecule, was 15 c.a, or allowing for the replacement of 
hydrogen by sodium (1-5) -> 18*5 c.c 

This value must therefore be added to the molecular solution 
co-Tolume in aqueous solution in order to obtain the molecular 
co-Yolume of the pure substance or of its solution in an organic 
solvent. 

The method, although giving fidrly concordant results in aqueous 
solution, shares some of the disadvantages of the molecular volume 
method, namely, the wide variation in the values of certain elements, 
according to their environment. Li solvents other than water (in 
which, it may be added, the bulk of organic substances are practi- 
cally insoluble) the fluctuations are still larger and less trustworthy. 
Nevertheless, Traube ^ has applied the method with some success to 
following the dynamic isomerism in tautomeric compounds. The 
molecular volume of acetoaeetic ester was ascertained, as well as its 
solution volume in various solvents. After an interval of several 
hours the substance and its solutions were again examined and the 
changes observed. The calculated molecular solution volume in 
water for the enol form is 116-1, for the keto form 117*56. The 
aqueous solution gave 117*16 and, after standing twenty hours, 117-56. 
The substance is therefore present in the keto form. In most of the 
other solvents used, excepting chloroform, there was a slight fall 
in value. In the case of formylphenylaoetic ester, the solution in 
water, methyl alcohol, and acetone showed a diminution in molecular 
solution volume, that is, a change in the direction of the enol form 
(O' -> 2*8X the solution in ethyl acetate and benzene an increase, or 
change to the keto form (0'' » 5*5) (see voL i, p. 198). 



UL BfiFBAOTIVITY 

When a beam of light passes from air into a denser medium it is 
re&acted, and the index of refraction is that number which gives the 
ratio of the sine of the angle of incidence to that of the angle ol 

s Ber., 1896, 20, 1716. 
II T 
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refraction. If i and r (Fig. 6) are the angles of incidence and refrac- 
tion, the index of refraction n is given by the expression, 

sini 

n — -: — 

sinr 

or if 05 and cd are perpendiculars drawn from the ends of the radii 
6b and oe to the line ad, the above ratio is given by the ratio of the 
lengths of the lines db/cd. 

This ratio is, in other words, the relative rate at which light travels 
through the two media. The value for light passing from a vacuum 
is slightly higher than from air, and the ratio is then called the 
^absolute ' index of refraction ; but the correction is rarely made. 

The index of refraction further depends on the temperature of the 





Fio. 5. 



Fxo. 6. 



liquid and on the kind of light, being smallest for the red and 
largest for the violet of the visible spectrum. 

In the Pulf rich refractometer, which is the one commonly employed 
for delicate measurements, the light is focussed on to the liquid con- 
tained in a small glass cylinder cemented on to a carefully ground 
glass prism, as shown in the diagram, Fig. 0. 

The glass, which is a denser medium than the liquid, causes refrac- 
tion and, if the index of refraction of the glass is known, that of the 
liquid can be ascertained. 

If a beam of light is allowed to enter the liquid at any angle it will 
be refracted on passing through the prism, as indicated by the 
dotted lines, and will be refracted a second time on passing into air. 
The angle which the refracted beam makes with the vertical will 
increase as the incident beam approaches the horizontal and will 
reach a maximum when it enters parallel to the interface of liquid 



Digitized by 



Google 



BEFEACTIVITY 276 

and prism. Beyond that it will undergo total reflection from the 
under surfiioe of the prism. In the Pulfrich refractometer the 
source of light is so adjusted as to pass horizontally between liquid 
and prism and as it emerges is received into a telescope attached to a 
movable disc furnished with a scale graduated in degrees and minutes 
and a vernier by which the angle of refraction can be measured. 

The index of refiraction N of the glass heing known, that of the liquid n may 
be determined as follows : at maximum refraction la ^l it. 
y sin 90^ N _ sin g 

n * sinr 1 sin (W— r) 



In order to eliminate r, we have 

cos r 
oos'r + sin'r- 1 and sinr « V^l- cos' r 



sin a -, sin a 

-if or cos r a —--- 

cos r If 



, - r sin*o 



so that n - y a/i-^^" - V^l/^-sin* a 

The value of 27 is usually ftumished with the instrument, and tables are also 
supplied from which the index of refraction may be directly read oif from the 
obeenred angle. 

As light of different wave length is differently refracted, it is 
usual to employ monochromatic light of the sodium (Nao), lithium 
(Li), or thallium (Tl) spectrum, or the red (Hq), blue (H^), and violet 
(Hy) lines of the hydrogen spectrum of a Geissler tube. The instru- 
ment is shown in Fig. 7. It consists of a glass prism, i, which, 
except on the face nearest the telescope, is enclosed by a metal jacket. 
Above it is cemented the glass cell containing the liquid under 
examination. 

The light which emerges from the prism enters through a slit in 
the side of the telescope, where it falls on a reflecting prism, which 
transmits it parallel to the axis of the telescope to the eyepiece. The 
telescope e is clamped to a movable and graduated disc d by 
which the angle of refraction is measured. Other important parts 
of the instrument are the cooling^jacket s^ the arrangement of which 
is shown in greater detail in Fig. 8, the condenser p for focussing the 
light, and the fine adjustment o connected with the graduated oirde. 

Although among organic substances the differences in refractive 
index fiJl within comparatively narrow limits (1*8-1*7), it is possible 
by means of the above instrument to read with accuracy to the 
fourth decimal. Moreover, estimations may be carried out rapidly 
with quantities of not more than three grams of material, so that» 

t2 
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as far as preciaioD and rapidity of manipulation are concerned, the 
method leaves little to be desired. 

As the refractive index is largely influenced by density, it is 
necessary to find an expression which will eliminate this variable 
factor. By dividing by the density (water being taken at 4^ the 
masses of different substances in unit volume will become equal, and 
by further deducting the constant, unity, for the refractive index of 
air, the following expression is obtained. 

n-1 
^- — • 

The expression actually represents how much the refractive index 
of different materials of unit concentration is greater than unity. It 
WBB deduced empirically by Gladstone and Dale ^ from observations 
begun in 1868, and is termed specific rtfradive index or specific refrai> 
twUg. It is indicated by the letter r. 

A second formula, baBed on Maxwell's electromagnetic theory of 
light, was proposed simultaneously by H. A. Lorentz of Leyden 
and L. Lorenz of Copenhagen in 1880.* 

n^-1 1 

What is known as the molecular refractivlty is obtained by 
multiplying the specific refractivity by the molecular weight (m) of 
the substance. The above two formulae will then become 

nH2' d 

No definite conclusion has been reached as to which of the two 
expressions is the more trustworthy. Although English chemists 
as a rule employ the Gladstone-Dale or n formula, modem in- 
vestigators on the Continent, where the bulk of the work in 
recent years has been carried out, adopt the Lorentz-Lorenz or n* 
formula. 

On account of the preponderating amount of data which are 
calculated from the »* formula and to avoid the confusion which might 
arise by introducing two sets of figures, we have used this formula 
throughout. Moreover, it is claimed that the n^ formula is inde- 
pendent of temperature, pressure, and state of aggregation. Which- 
ever formula is used the temx>erature correction is so small as to be 

1 PkO. Tnma., 1868, 148, 887. 

* Sm Nemst, Tlmntkal Ckemittr^, 6th edition, p. 811. MacmilUn. 
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Fig. 7. 



Fig. 8. 




Fig. 9. 
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REPRACTIVITY 277 

negligible, provided of oouise that the density of the substance 
under observation is accurately known.^ The specific and molecular 
refractivities for different wave lengths are indicated by writing the 
symbol for the spectrum line below that of the element or M; thus 
-Bai ^'^Jh ^oi -^Df &<^» represent the specific and molecular refiractivi- 
ties of the hydrogen a line and sodium d line. With a refractivity 
reading to the fourth decimal, the error in the molecular refraction 
of substance of molecular weight about 100 will lie within ± 0*2. 

Although a few early observations on the refractivity of organic 
compounds have been recorded at different times, the first systematic 
study of the subject was begun by Oladstone and Dale, who published 
their first paper in 1868 and supplemented it by a more elaborate 
contribution in 1868.* 

They determined the refractivity of a certain number of homo- 
logous and isomeric substances and showed that, if in a series of 
isomeric substances the mode of combination is the same, the 
refractivities are identical ' Every liquid has a specific refractive 
energy composed of the specific refractive energies of its component 
elements modified by the manner of combination and which is 
unaffected by change of temperature.' They thus discovered the 
effect of constitutive differences. In the following year, Landolt ' 
published a series of very accurate determinations in which the 
views of Oladstone and Dale on the refractive identity of isomeric 
fatty acids and esters were confirmed, and from his results the 
refractive values for carbon, hydrogen, and oxygen were estimated. 
Gladstone^ in a later paper showed that elements having a 'lower 
atomicity ' or, in other words, unsaturated atoms, possess a higher 
refractivity than when saturated. Since 1880 the subject, more 
especially on its constitutive side, has been actively developed by 
J. W. BrOhl, who has added largely to the material collected by 
the first observers and has applied it to the study of many structural 
problems, which will be presently discussed. 

In the following pages we have reproduced only such experimental 
data as serve the purpose of useful illustration. The values for the 
atomic refractivities have been collected and tabulated by BrahP 
from observations of Landolt, Kannonikoff, and himself. 

Zsom«rie Oomponadfl. It has already been stated that among 



1 PML Tram,^ 1868, 168, 828. * Fkil Tr<m9., 1868, 148, 8 ; 1868, 168, 828. 

• Pogg., AmaXm, 1864, 128, 696. « TVans. Ch^, Soc, 1870, 28, 147. 

• ZHt pltytOr. Chm.f 1891, 7, 140. 
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similarly constituted iaomen, the refraotivitiefl were found to be 
identical.^ The following table will illustrate this point and will at 
the same time indicate the kind of magnitudes which are obtained. 
The second column gives the specific refractiyities for Ha» The 
figures in the third column are obtained by multiplying these 
numbers by the molecular weights, and therefore any error in the 
specific refractivity will vary in proportion to the molecular weight 
The figures in the fourth column are differences in the molecular 
refractivities of the red Ha and violet Hy lines in the hydrogen 
spectrum and give the amount of molecular dispersion, to which 
reference will be made later (p. 296). 





Ma 


Ma 


My^M, 


Propyl aloohol 
Itopropyl Alcohol 


0.8908 
0.8907 


17.42 

17.44 


0.41 
0.42 


Propyl aldohydo 

Aoetone 


0.8747 
0.8767 


16.98 
16.06 


0.41 
048 


Iff 


ill 


17.48 
184)8 
17.98 


0.48 
0.44 
044 


Butyl aloohol 
iMbutyl alcohol 
TrimothTl carbinol 
Ethyl other 


08974 
0.8967 
0.8986 
0.8016 


22.01 
21.96 
22.09 
22.81 


0.52 
0.51 


Butyl iodido 
iMbtttyl iodido 


0.1807 
01807 


88.86 
88.86 


1.26 
1.26 


leoM^rolc acid 

Ethyl hutyrato 
Xothyl iaoralorato 


0.2691 
02729 
0.2690 
0.2712 


81.88 
81.66 
81.80 
81.46 


0.77 
0.77 
0.75 
0.78 


o*Xylono 
m-Xylone 
l>.Xylono 
Ethyl bonsone 


0.8860 
0.8870 
0.8868 
0.8848 


864(1 
85.78 
85.70 
8544 


154 


Xoaitylane 


0.8868 
0.8861 


40.85 
40.88 


1.69 
1.68 



StsveolMMtn. From the identity in the refraotivities of isomeric 
compounds of such different characters as esters and acids, or 
alcohok and etherSi it seems improbable that spatial differences 
would assert themselves in a more conspicuous fashion. Neverthe- 
less small differences have been observed among geometrical isomers 
though not among optical isomera Maleic and fumaric adds 
according to BrOhl show a difference of 0-67 units, and allocinnamic 
and cinnamic acid of 1*1 units in the molecular refractivity. In 
both cases it is the trans form which has the higher refractivity. 

Another example is that of the isomeric dibenzoylethylenes, the 
cis form giving Ma * 74 and the trans Ma « 71*8, a fiict which has 

^ BrOhl, J. pnkt. Otm^ 1894, 50, 158. 
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been explained by a tendency for the cis modification to pass into the 
peroxide form.^ 

Somologoiui 8«ri60 (oonstant for CBg). The value of CH, has 
been determined from the molecular refractivities of a number of 
homologous series comprising 180 compounds. In each case the 
yalue for each series was obtained by Brtlhl by subtracting the first 
term from the last of the series, the first but one from the last but 
one, and so on, and then multiplying each of these differences by the 
number of CHj groups included between the selected members. 
The sum of the resulting numbers was then divided by the total 
number of CHj groups present. The same method was applied to 
other series. In this way it was assumed that the proper weight 
was given to the experimental values in the different series.' 



Hydrocarbons 
Aldehydes and 

ketones 
Aoids 
Alcohols 
Esters 



Mean 



Number 

in 
series. 


Sa 


iTdlD 


ff^ 


Hy 


^/3--ffa 


Hy^Ha 


66 
92 


4.60 
4.60 


4.62 
4.62 


4.67 
4.67 


4.72 
4.71 


0.072 
0.069 


0.118 
0.112 


74 

81 

190 


44(9 
4.61 
4.6d 


4.61 
4.68 
4.60 


4.66 
4.68 
4.65 


4.71 
4.72 
4.69 


0.071 
0.070 
0.069 


0.115 
0.112 
0.111 


603 


4.59 


4.62 


4.66 


4.71 


0.071 


0.118 



The mean value obtained for CHj (Ha) by Brahl was 4*57, that 
previously found by Landolt' from a smaller number of observations 
was 4*58^ whilst the recalculated value obtained by Eisenlohr is 
4*69. Although these numbers are in substantial agreement, and 
the values in the different series only fluctuate between 4*58 and 
4*61, individual observations from which the above are taken show 
differences which lie much wider apart, namely, between 4-11 and 
4*86. These fluctuations are not due to errors of observation in the 
specific refractivities, which can be determined with accuracy to the 
fourth decimal and would, therefore, not affect the first decimal in 
the molecular refractivity with a molecular weight up to 200. The 
differences must, then, be due either to impurities in some of the 
compounds examined, which might have a marked effect on the 
refractivities, or to the structural environment of the groups in 

^ Smedley, Tram. Chmn. 8oc,» 1909, 05, 266. 

* The values given by BrOhl (/. prakt, Chtm, 1894, 50, 154) were recalculated by 
Eisenlohr {Zeit. phya, Chtm., 1910, 76, 585) andf are given in the above table. The 
refractivities for the complete set of wave len^hs have been estimated by 
interpolation where any have been omitted. 

• Atmakn, 1882, 218, 75. 
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qudrtioiL BrOhl and Wallach haye indeed suggested that there are 
small structural diflferenoes peculiar to each compound which afiEect 
each atom in the molecule. It has also been pointed out by Landolt ^ 
and Eykman ' that there exist certain irregularities among the initial 
members of a homologous series, but, seeing that these values are 
lower than the mean, it would not account for the higher abnormal 
yalues in certain series. 

The Cknurtaiits foit Oarboiif Vydrogen, and Oxyg«n. The value 
for doubly linked oxygen (O^O ^'^^ obtained by deducting the 
calculated value for {CEL^ from a series of aldehydes and ketones 
which gave a mean of 2*82. The value for hydroxyl oxygen {(/) 
was determined by the difference between aldehydes and acids, 
mono- and poly-hydric alcohols, and also between acids and hydroxy 
acids. The mean in this case was 1*50« It will be noticed that 
the increment for the doubly linked oxygen is placed to the account 
of the oxygen atom exclusively, and not to the double bond, as in 
the case of the ethenoid linkage to be presently referred to. The 
constant for ester oxygen (00 was derived from the observed value 
for the aliphatic esters by deducting the calculated value for ^(CHs)^^ 
and gives a mean of 1«66. The constant for hydrogen was obtained 
by deducting the calculated values for n{CH^(y from alcohols, 
fi(CHs)0< from esters, or n(CHs) from para£Sns. The mean for Hg 
is 2-2, and by deducting this number from the value for the CH, 
group (4*57) that of carbon, 2-87, is obtained. 

Ooaistaat fm the Sonbto Bond (CMC). Unsaturation, as Oladstone 
first pointed out, raises the refractivity. By deducting the constant 
for saturated carbon from the observed value, BrOhl and Conrady 
were able to assign a value to the double bond (|~) which varied in 
different compounds from 1-68 to 2-17, the mean being 1-88. The 
variation is larger than that observed in the case of carbon, hydrogen, 
and oxygen, and, according to Eykman,' increases with the number 
of radicals attached to the doubly linked carbon atoms, which he 
determined as follows : 

No radicals (ethylene) 1*61 

One radical (R . OH : OH.) 1.60 

Two radicab (ROH : OHR) 176 

Three radicals (R,0 : OHR) 1.S8 

Four radicals (R20:CRa) 2.00 (circa) 

^ Poeg., jLnnalen, 1864, 1S8, 695. 

> lUc Trm. CMm. Pkiyf-Bot, ISSS, 18, 160, 8iS; 18M, 18, 18 ; 1896, 14, 186 ; 
1896,16,82. 

> TTMftNdd, 1906, 8, 706. 
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The data available for the treble linkage are few, and the results 
show a wide divergence, the mean being fixed by Houreu^ at 
about 249. 

Constant for the Salogena. The refractivities of other elements 
have been determined in the same manner as those already discussed, 
namely, by estimating differences between the observed refractivity 
and that calculated or observed for the unsubstituted compound. 

Generally speaking, the univalent elements (the halogens) show 
the most constant, whilst among multivalent elements (nitrogen, 
sulphur) the amoimt of variation admits of no definite constant being 
assigned, the value changing considerably in different classes of 
compounds. Even in the case of chlorine there is a certain amount 
of fluctuation, which appears to depend not only on the presence of 
the halogen atom but also on its environment. 

The following table gives a list of the refractivity constants of the 
commoner elements for the H^ and ^Op lines, and also the maximum 
and minimum deviations determined for the Ha line. The second 
table gives Eisenlohr's recalculations along with the interpolated 
values for the H^ and By lines and the disperaivities for H^'^Ha 



and EySa.* 












Element 




Ha 


J^«D 


Maxima and Minima 






(BrUa) 


(Oonndy) 


Sa 


Carbon C 




2.87 


2.60 




281- 2.47 


Hydrogen H 


1.10 


1.06 




1.08— 1.16 


Oxygen <y 




14^0 


14S2 




1.88— 1.62 


Ohlorine CI 




1.66 


168 




1.60- 1.99 




2.82 


228 




221— 2.61 




6.01 


6.99 




662— 687 


Bromine Br 


8.86 


8.92 




8.64— 9.06 


Iodine I 




18.80 


14.12 




18.68-18.91 


Double bond |=» 


1.88 


1.70 




168— 2.17 


Treble bond F 


2.49 


210 




8.00— 2*60 (circa) 


Element 


Ba 


^Od 


Hfi 


Hy 


H0^Ha Hy^Ha 


Carbon 


2-41 


2-42 


2-44 


2-46 


0-026 0-066 


Hydrogen H 


1-09 


1-00 


Ml 


112 


0*028 0*029 


Oxygen C 


1-62 


1-62 


1*63 


1-54 


0*006 0*016 


Ohlorine 01 


1*64 


1*64 


1-66 


1-66 


0-012 0-019 


2*18 


2*21 


2-24 


2-26 


0*067 0*078 


6*98 


6*96 


6.04 


610 


0*107 0*168 


Bromine Br 


8-80 


8*86 


900 


9-16 


0-211 0*840 


Iodine I 


13-76 


18*90 


14-22 


14*62 


0*482 0*776 


Double bond p 


1-68 


1.78 


1-82 


1-89 


0-188 0-200 


Treble bond F 


2-88 


2*40 


2-60 


2-68 


0*189 0*171 



It will be seen that the differences between the recalculated values 
and those given by BrQhl and Conrady are in most cases incon- 
siderable. 

^ JLnn. CMm. PAyf., 1906 (8), 7, 686. 
• Zcitpkutik. Oum., 1910, 76, 686. 
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OoBfltaats tn Vitrogtn and Svlphw. The vmlues for nitrogen 
haTe been determined by BrOhl,^ who, from an enormous mass of 
material^ has compiled the following constants for nitrogen in 
different classes of compounds : 

Max. and Xin. 



Group. 



B<, 



Na^ 



HydrozylaminM 
HydnudDM 


2-88 
2-82 


2-48 
2-47 


8 examples 
2*17—2.46 


Primary amines 


2-81 


2*46 


219— 2-46 




2*60 


2-66 


2-40-2-88 


Tertiary „ 


2-92 


800 


2-71— 2-88 


Prim. arom. amines 


8-01 


8-21 


2-98-812 


Second. „ ,, 


8*40 


8*59 


2-26— 8*47 


lerc. II II 


410 


4*86 


819-441 


Aliph. niferiles 


817 


806 


8d-8-88 


Arom. „ 


8-82 


879 


8-79— 8*91 


Aliph. ozimes 


8*92 


8*98 


8-79— 410 


Arom. „ 


— 


— 


4-68-^86 


Formamide 


2*64 


2-66? 


^ 


Second, amides 


2*28 


2-27 


210~2-88 


Tert 


288 


2-71 


2-88— 2-87 


he groups containing nitrogen in different forms of c 


\ following values were < 


[>btained:' 










Max. and Xin. 




^a 


^«D 


Ba 


Alkyl nitrates 


7-66 


7-69 


7-48— 7-68 


II nitrites 


7-87 


7*44 


7-28-7-48 


NitroparaAns 


6-65 


6-72 


8-48-6-77 


Arom. nitro-oompoonds 


716 


7-80 


7.09-7-26 


Nitramines, lary and Sary 


7-48 


7-61 


7-10-7-60 


Nitmogrwip. NO 








Kitrosamines 


6*87 


6-87 


6-21-6-66 


Nitrites 


8-91 


6-91 


8 examples 


X/Mso fffomp* 








< 


8-41 


8-48 





^N 



7-62 



7-47 



The molecular refractivity of the aso group, according to Duval/ 
shows a constant increment above the calculated value of about 
12 units for the lithium linoi which he ascribes to the recurrent 
series of double bonds^ producing, as they are known to do, an increase 
or exaltation in the value (see p. 284). 



The values for sulphur depend, like those of nitrogen, on its mode 
1 Zft<.pAyiifc. Cftm.| 1896, IS, 479; 1912, 79, 1. 



> Z$U, pJ^ytOr. Chmn,, 1898, 26, 647. 



• SuU. aoe. Chim., 1912 (4), 17. 
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of combination, and show wide diyeigence. Naedni ^ has accumulated 
a certain amount of data by examining aliphatic mercaptans and 
sulphides, from which he derived the constant for S^, J7a""7*87y and 
carbon bisulphide, which gave for S'^ the value fia^9'02. More 
recently Price and Twiss ' have made some fresh observations and 
recalculated the values obtained by Nasini and others. They give 
the following values to sulphur : 



Group. 


Sa 


Na^ 


Hff 


Hy 


Bfi-Sa 


Hy^Sa 


„ Bttlphides 
tf thiocyanates 
,, diflulphides 


7*611 

7.86 
7-86 
806 


7-69 
7-97 
7.91 
811 


7-88 
8*18 
8-08 
8-28 


7-98 
8*28 


0*20 
0*28 
0*28 
0*28 


0*86 
0-48 



In xanthates^ thiol carbamates, and other groups in which doubly 
linked sulphur occurs, the constant is much higher. 

Bing Formatioii. The influence of simple ring formation in 
saturated hydraromatic compounds is so small as to lie within 
errors of observation, at least among the members containing more 
than five carbon atoms in the ring. Cyclopropane, cydobutane, and 
their derivatives exhibit a slight increase above the calculated value, 
varying from 048 to 1*24 units, as shown by Tschugaeff,' who 
has utilised this fact in order to establish the bicyclic structure of 
thujone and its derivatives, which show a steady difference of 



about Mj, - 0-67. 




Thigone. 
CH.CH3 




HC/\C0 


Jtfoobs. 44.78 


H,CIA JCH, 


ealc 44-11 



+ 067 

6H(CHs)a 

Oesterling^ from a larger number of data has found nearly the 
same increase in value for the cyclopropane compounds, namely, 
Mj^ « 0-71, and for cydobutane derivatives, Mj, - 0-48. An in- 
crease of the same order has also been observed by Semmler' in 
the case of sabinene and other bicyclic structures. 

▲romatio Oompoimdfl. Benzene and its simpler derivatives give 
normal values when calculated on the basis of three ethenoid linkages. 

1 Ber.y 1882, 15, 2888. ' IVant, Chem. Soc, 1912, 101, 12S9. 

' £«r., 1900, 88, 8126. « Tran$. Chm. Soc, 1912, 101, 467. 
• B§r.f 1907,40,1120. 
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284 PHYSICAL PROPERTIES AND STRUCTURE 

SaUUnoe. ^ ^ , ^f-^a 

obfl. eale. 

Benzene 26*98 S6-25 118 

Toluene 80-79 80*89 1-86 

Bthylbensene 85*44 86-87 1-60 

Phenol 27-76 27-82 1-80 

BenzyUloohol 82-28 82-81 1-87 

Chlorobenxene 80-90 81-22 — 

Some of the more complex hydroearbona give valuee much in 
exoeee of the theoretical. 

Ma A 

obs. <»lc- 

Naphthalene 48-98 41-66 2-28 

Anthracene 61-16 66-16 6-00 

Phenanthrene 61-69 66-99 4*60 

Opttoftl Aaonalj. BrOhl'i value for the ethenoid linkage was 
baaed upon the refraotivity of compounds containing one or two 
pain of double bonds ; but he has since made it abundantly evident 
that the relative position of the double bonds, where more than one 
pair is present, greatly influences the result^ This applies not only 
to pairs of ethenoid linkages, but to combinations of ethenoid and 
carboxyl linkages. Where they occur in juxtaposition or axe cofi- 
jugated (p. 69) they reinforce or exalt one another, raising the 
refractivity and producing what has been termed optical anomaly or 
exaltation. Where they possess a carbon atom in common, C : C : C, 
or are cumulated, or when separated or isdkUed, they give normal or 
nearly normal results, and the same is true of compounds with three 
isokted double bonds.' The following examples will illustrate the 
points referred to : 



Diallyl CH, : CH . OH, . OH, . OH : OH, (isoUted) 
Yaleiylene (0H,).0 : : OH, (emnolated) 
Itodiallyl OH, . OH : OH . OH : OH . OH, (conjugated) 
Hezatriene OH, : OH . OH : OH . OH : OH, (twioe con- 
jugated) 



Oblk 

28-77 
24-84 
29-87 
80-68 



calo. 
28-89 
24-89 
28-89 
28-62 



-0-12 
-0-06 
+ 0-98 
-^2-06 



The difTerence between diallyl and isodiallyl is very striking, and 
still more that between diallyl and hexatriene. 

A combination of isolated and conjugated ethenoid linkages and 
carbonyl groups produces a similar effect. 

' B$r., 1907, 40, 878 ; 1908, 41, 8712. 

* Auwen and Mooebrugger, Annatm, 1912, 887, 167. 

> As exaltation ia a differential effect and has no fixed value. Auwen calculates 
the difference on the specific refractivity x 100 in place oi the difference in 
molecular refraetivitj, which changes with the molecular weight. The former 
is called the ^Me^/fe wOtaiion to distinguish it from the latter or melUchtlair ^xMMon, 
and the two are denoted by the symbols i?S (specific) and BU (molecular) 
respectively. We have, as a rule, given the molecular exaltation. 
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Ma 


BMa 


obfl. ealc. 




21-29 20-24 


+ 1-05 


80-18 29-89 


+ 0-74 



Crotonaldehyde GH, . OH : CH . CH : 
Hesityl oxide (OH,)tO : OH . C(GH,) : O 

That such anomalies occur is not altogether surprising in view of 
the chemical peculiarities of conjugated systems, to which attention 
has already been drawn. A similar effect of conjugation has been 
observed in the magnetic rotation, which also exhibits exaltation 
(p. 809). 

No anomaly has been noticed where oarbonyl groups are asso- 
ciated/ but pairs of trebly linked or doubly and trebly linked atoms 
show exaltation as in the preceding examples.' 

Mfi BMd 

obs. calc. 

Amylpropionitril6 0.HaC:0.C:N 88-40 8e-71 +1-69 

Cyanogen C:N.G:N 12-26 11*08 +M8 

Ethyl propiolateCH-G.G: 0.00 A ^'^^ ^^'^^ *^^ 

If, on the other hand, the multiple bonds are isolated, the value is 
normal. 

Ma EUa 

Ethyl acetylene propionate obs. calc. 

GHiGH.OH,.GH,.G:0.00,H, 88-82 88-79 +008 

Turning now to the aromatic compounds, optical anomaly has not 
been observed in benzene nor among its simpler derivatives (p. 284). 
It is certainly remarkable that the exaltation exhibited by hexatriene 
should not have been reproduced in benzene, and although the 
normal value for the three double bonds in benzene was originally 
cited in favour of Eekul^'s formula for that substance, the discovery 
of the phenomenon of exaltation has tended to throw the weight of 
evidence into the opposite scale, that is, in support of the centric 
formula.' But Willst&tter's later discovery that cyclo-octatetrene, in 
spite of normal refractivity, contains four true ethenoid linkages 
must neutralise to some extent the effect of the previous observations. 

HC CH 




Qyolo-oetatetrene. 

> This may be due io the fact that the simpleet oompoonds of Uub type, such 
as glyoxal and dimethylglyozal, are too unstable to be investigated, and the 
refntctiyities of bodies like oxalic acid are modified by the influence of adjoining 
groups. 

* Brahl, B9r.y 1907, 40, 1158. * Smedley, Tran$. CImu Soe., 1906, 03, 888. 
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Exaltation, however, asserts itself where conjugation of the 
aliphatic type exists either in relation to nucleus or side-chain, and 
then with increased effect the greater the number of double bonds 
and the closer their proximity to the nucleus. 

In the first place a double bond has a greater value outside than 
within the nucleus.^ 

Jfx> 81.8 82.26 

Mj, 86.52 86.82 86.48 +0-89 

^^-CH3 ^^^CH, 

Mj, 48.86 44.01 4868 +0.88 

The value is also greater the nearer the double bond lies to the 
nucleus. 



81.8 82.26 81.88 +048 



obs. ealc 



EMd 



Eugenole GH,0 . G^Hf . OH, . GH : GH, 48*2 47-7 + 0-6 

l806Ugenole GH,0 . C^R^ . GH : GH . GH, 49*2 47*7 + 1-5 

S&frole GH.O. . G.H, . GH, . GH : GH, 45-9 46-8 + 0*1 

IsoMifrole GH,0, . G,H, . GH : GH . GH, 47-6 45*8 + 1-8 

The formula originally assigned by Elages to dihydro-m-xylene, 
in which both double bonds were placed in the nucleus, has been 
modified in consequence of its abnormally high refractivity, one 
ethenoid linkage being transferred to the side-chain. The view has 
since proved to be correct on chemical grounds. 

5 • ^^« 9^ /^TT 



H,C/\0H H,c/\o/' 



.dsJc; 
CHa 



0H« ^OH. 



*3 



DihyditHM-zylene. Gamphene. 

For similar reasons Auwers has suggested the above formula for 
camphene (see p. 291). 

1 Wallach, Annalm, 1908, 860, 84 ; Auwers and EUinger, AnnaUn, 1912, 
887, 200. 
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Among the hydraromatic compounds of established purity, sylves- 
trene and phellandxene (vol. i, pp. 485, 487) afford an interesting com- 
parison, for the former with its isolated double bonds shows a normal 
result, whereas the latter exhibits exaltation.^ 
CHs CH, 

Calc. Jfa 
CioHier,-4i.»7 

SylTMtrene. a-Phellandrene. 

Ma -45^7 Ma - 45.86 

One more example must suflSce. Perkin* has determined the 
refractivities of A*^) menthadiene and of dipentene as follows : 
OH, CH, 






OH, OH, OH3 OH, 

Menthadiene. Dipentene. 

Jfa- 76.81 Jfa- 76.60 » 

Hydraromatic ketones also show exaltation, as seen in the follow- 
ing examples, both of which contain a conjugated system. 



Calc. Ma - 46.82 



CH, 


OH, 


Cr 




Ganrenone. 


Uenthenone 


Ma - 464^2 


Ma - 46.78 



Finally, both the value of the single ethenoid linkage as well as 
systems conjugated in the side-chain seem to be enhanced by the 
proximity of the benzene nucleus, in illustration of which the follow- 
ing examples must suffice.' 

1 Anwen and Eisenlobr, J, prakt. Chem,, 1010, 89, 106. 
« Tnm*. Chm. 8oe., 1906, 89, 814. 

* These nnmbers are calculated from the Oladatone-Dale formula. 

* It should be obeenred that the foot of exaltation being produced by the 
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OlM. 


Ma 

calo. 


EMa 


86-98 
4800 
65-66 


86-08 
42-86 
69-20 


+ 0-90 
•1- 616 
^ 6-46 


88-90 


68-00 


•1.14-90 


100-90 
74-86 


76-74 
64-86 


•^24-16 
+ 10-00 


obs. 


Ma 

oale. 


JSM^ 


81-77 
48-61 
41-60 


8101 
89-78 
88-22 


+ 0-76 
-1- 8-78 
+ 8-28 
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Styrene C«H, . GH : CH, 
PhenylbnUdiene G«H, . OH : OH . OH : OH, 
Stilbene 0«Hg . GH : OH . 0«Hs 
Diphenylbntftdiene 

GeH..OH:GH.GH:GH.O,H, 
Diphenylhexatriene 

0«Ht.GH:GH.OH:CH.GH:OH.OeH. 
Diphenyldiaoetylene O^H^ .0:0.0:0. 0«Hc 



Banaldehyde O^H^OH : 
Oiuuunio aldehyde 0,H,OH : GH . OH : 
PhenylpropioUo aldehyde G^H^G • . GH : 
Ginnamylidene aoeiie acid 

0«H,0H:GH.0H:GH.0:O.0H 60-42 60-06 +10-86 

From an examination of a series of unsaturated amino compounds 
and amides containing the group )N . C : 0, and a few unsaturated 
sulphur and chlorine derivatives, Eisenlohr' has expressed the view 
that elements possessing residual valency such as the halogens, 
nitrogeui sulphur, and phosphorus may produce exaltation when 
conjugated with a double bond. In a recent paper on the refirac- 
tivities of aliphatic sulphur compounds^ Price and Twiss* have 
arrived at the same conclusion. 

liodilUd Oyiioal Awomriy. It has been shown in the foregoing 
paragraphs that conjugation is consistently accompanied by an increase 
in refractivity.^ BrOhl, indeed, went so far as to estimate the approxi- 
mate value for conjugated double bonds. Semmler has adopted the 
same view. In Die dihmschm Ode^ p. 67, he has laid down the rule 
that 'if we find the calculated molecular refractivity to agree with that 
observed, a terpene is present in which carbon and carbon are singly 
linked. This can only occur in the case of a terpene, CxoH^e, which is 
tricyclic, ie. contains two bridged rings. If there is an increment of 
1-7, a cyclic terpene with one bridge and one ethylene bond is present, 
as for example in pinene. If there is an increment of 2 x 1*7 it 
indicates a monocyclic terpene without a bridged ring, but with two 
ethenoid linkages, as in limonene, phellandrene, &c. If again the 
increment is 8 x 1*7 a teii>ene must be present with three ethenoid 
linkages, Le. an olefinic terpene such as myrcene. If oxygen is 
present and the nature of the oxygen determined chemically, the 
presence or not of one or more double bonds can be ascertained in 

proximity of a doable link in the aide-ohain of a benzene derivatiTe may be 
taken as affording evidence in fayour of Kekul^'s formula for benzene, ainoe it 
preeupposea douMe bonds in the nuolena. 
I Bir,, 1011, 44, 8188. * 3Vww., 1012, 101, 1260. 
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the same way. Bomeol, terpineol, and geraniol can thus be distin- 
guiflhed/ We shall see presently tixat although optical anomaly may 
indicate roughly the structure of a terpene, such as Semmler suggests^ 
no such definite rules, as he applies, can be laid down, and the above 
statement in the light of more recent research must undergo con* 
siderable modification. 

Auweni and Eisenlohr^ have shown by many examples that 
'every disturbance (Sidrung) of the conjugation by substituents 
diminishes the exaltation '• The phenomenon is, in short, an exten* 
sion of Eykman's observations on the change in value of a single 
ethenoid bond produced by the presence of certain radicals (p. 280). 
But the effect on a conjugated system is not restricted to alkyl 
groups. It is also produced by hydroxyl, methoxyl, and ethoxyl 
groups. These authors conclude that 'a sharp line cannot be drawn 
between normal and abnormal compounds, but that there is a gradual 
transition from one to the other. For in the application of chemistry 
to the determination of structure this point must be observed if 
errors are to be avoided.' The following examples, drawn from open* 
chain and cyclic compounds, have been selected to show the influence 
of the methyl group in producing what Auwers and Eisenlohr term 
St^hung, or diminution of the exaltation. The radicals which are 
attached to the carbon atoms indicated by thick type produce the 
largest effect. 

Sabstanoe. Formula. SMq 

Hexadiene GH, . CH : CH . CH : CH . OH, *l'i9 

DiiBopropenyl CH, : 0(GH,) . 0(CHO : CH, •«• 0-60 

Sfcyrene ^ ^ CH;CH, +0-84 

/J-Methyl8tyrene ^ ^ H:CH.CH, +101 

o-Methyl8tyr«ne ^ V?(CH,) : CH, + 0-46 



Benzaldehyde ^ ^ H : + 0-78 

Aoetophenone ^^Sc(CH,) : + 0-41 

In later papers Auwers* has shown that by replacing the alkyl 
group in methylstyrene in the P position by alkoxyl, the exaltation 
in refractivity is raised 60-70 per cent., whereas if the at position is 
substituted the refractivity is scarcely affected. Of the oxy-radicals^ 

> Ber , 1910, 48, 805 ; /. prakt. Chem., 1910, 82, 66 ; see also Eisenlohr, Jahr^. 
dtr RadioakHviUU, 1912, 0, 888. 
* Set., 1911,44, 8614 ; 1912, 46, 2764. 

n V 
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290 PHYSICAL PROPERTIES AND STRUCTURE 

hydroxyl has the greatest effect^ then alkozyl, and finally a^lozyl, 

if the acyl radical belongs to a fatty acid. The depression (St6nmg) 

caused in a;3-dimethyl crotonic ester, 

CH,.C=C— C=0 

• i I 
CHjCHaOCjHj 

by the attachment of the methyl groups to the ethenoid carbon atoms 
has been found to eliminate the whole exaltation, and the value in this 
ease is normal. 

<>ptieal BepreMion. The refractivity of certain heterocyclic 
compounds, such as thiophene, pyrrole, and furfurane compounds, is 
lower than the calculated value, and the phenomenon has been 
termed optical depression.^ Furfuraldehyde, however, shows exalta- 
tion, due no doubt to conjugation between the cyclic and aldehyde 
double bonds. 



IGpjCH 
Icl!llo.CH:( 



Action of BolTvnts. It has long been recognised that a solvent 
may afiect refractivity in some cases and not in others. In deter^ 
mining refractivity it is therefore necessary to take this fact into 
consideration. Duval has examined the effect of different solventa 
on the refractivity of asobenzene and BrQhl on that of acetoaoetic 
ester. 



^Xd 






^Li 


Azobenzene 62*20 
In Ethylene bromide 62*17 
,, Nitrobenzene 62*28 


In Benzene 
„ Cydohexane 
„ Acetic acid 


62*88 
68*92 
64-20 




Ma 


^o 




Acetoaoetic ester 
In Water 
„ Methyl alcohol 
,, Chloroform 
Calculated 


81*80 
81*64 
81-85 
81-95 
81*42 


81-96 
81*79 
8202 
82*08 
81-67 





Application of Befraotivity to Structural ProUems. Although 
from what has been stated in the foregoing pages the refractivity 
method cannot claim great delicacy or definiteness in elucidating the 
complete structure of a compound, it may, if applied with discrimina- 
tion, be used in solving doubtful points in the case of compounds 
and, especially, of isomeric compounds whose structure is mainly 
known. 

» Brtthl, Ber,, 1907, 40, 1157 ; Auwers, B»., 1912, 46, 8077. 
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It has already been pointed out (p. 288) that Tschugaeff and 
Semmler were able to eetablish with great probability the structure 
of thujone and sabinene by noting the increment in, refractiyity 
which accompanies a 8-carbon ring. Wallach^ applied the same 
principle to the case of isopinone, which gave the value Mj^ ■" d9*87 
instead of the calculated 39-51, and was thus able to establish the 
presence of a bridged ring of four carbon atoms. 




The constitution of «• and )3-terpinene has also been cleared up by 
the observed exaltation which determines the relatiye disposition of 
the double bonds.* The first gave an exaltation of + 1 to + 14 in 
different preparations, pointing therefore to a conjugated system, and 
the second + 0-54, which, being too high for isolated double bonds, 
indicates an extra nuclear (or hemicyclic) double linkage. 

CHj 




3H7 OsHj 

a-Terpinene. ^Terpinene. 

The vexed question as to the formula for camphene has received 
a possible solution from its molecular refractivity. 
Obs. Oalc. 1= 



Ma 

48-78 



44-02 



Ma 
48-29 



M^ EM^ 
48-51 0-61 



The amount of exaltation coincides with that of a hemicyclic com- 
pound, the average of which is 0-51 for EMi^ but is too low for 
a saturated 8 or 4-carbon ring. It will therefore have the formula 




1 AnnaUn, 1907, 866, 227. 

' Auwen and EiMnlohr, J. proM. Ohm., 1910, 88, 107. 
U 2 
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In the light of our preBent knowledge any attempt to eolve the 
benzene problem by setting up an analogy between unsaturated open 
and closed-ehain compounds (see toL i, p. 461) must for the present 
be xelinquished for the following reasons : the hydroaromatic deriva- 
tives of benzene (di- and tetra-hydrobensenes) are not known in 
a state of purity, and, if they were, would certainly exhibit the vary- 
ing effects of conjugation. Moreover, the normal value for the double 
bonds in benxene places it, as do its chemical properties, in a separate 
category from the ethenoid compounds. 

SttBraetivi^ and Synaaiio Xaom«rim, A more fruitfiil line of 
investigation, briefly referred to in voL i, p. 196, has been the study 
of the keto-enol type of dynamic isomerism. The change from keto 
to enol form is accompanied by the formation of a double bondy 
which, if only one is present, means an increase of about 1*88 units^ 
whilst the change from C to (/ produces a decrease of 0«82 units^ 
giving therefore a net increase of 1*01 on the molecular refractivity. 
Thus, if the molecular refractivity is about a unit above the calculated 
value for the keto form, it points with great probability to the 
presence of a preponderating amount of the enol form. The process 
cannoti however, be extended to the determination of two enol 
groups, such as might occur with the 1 . 8 diketones, owing to the 
effects of conjugation in increasing the value abnormally. 

-CHj.CO.CHj.CO.CHa— — CHa.C(OH):CH.CO•CH,— 
I II 

— OH,. C{OH):CH. C(OH) : CH— 
lU 

An increase above the calculated value for II would not necessarily 
imply a dienol form having structure III. 

From the following figures^ it will be seen that, although it is 
possible to differentiate with some degree of confidence between 
a ketonie and enolic form, the method cannot at present be used for 
estimating with any degree of accuracy the relative quantities of the 
two isomers, nor in deciding on the presence of a multiple enolic 
grouping. Consequently, when numbers in the first column of the 
table exceed those in the third, some of the dienolic form may or 
may not be preseut, depending on the relative positions of the double 
linkages. 



> BHlhl, J. prakt Chmn., 1894, 60, 110 ; Ztii. phytik. Okm,, 1899, SO, 1 ; 1900, 
84, 81 ; ^ntiolm, 1900, SIS, Si. 
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^o JCb oale. Principal 

obs. keto enol oonstituent 
Acetone GH,. CO. CH, 1606 1608 17-04 keto 

Fyravio Mid OH, . CO . COOH 17-86 17-67 18-68 „ 

Ethyl acetoaeetate 

CH,.CO.CH..COO0.H. 81-89 81-68 82-66 ,, 

Ethyl ozaloaoetate 

C,HsOOC.CO.CH,.COOC,Hs 48-88 42-46 48-46 enol 

Ethyl aoetomalonate 

CH, . CO . CH(COOO,H,), 48-60 47-02 48-04 
Aoetylaoetone OH, . CO . CH, . CO . CH, 27-46 86-81 26-82 
Methylaoetylaoetone 

CH,.CO.CH(CH,).CO.CH, 80-76 29-88 80-89 
Diaoetylacetone 

CH,.CO.CH,.CO.CH,.CO.CH, 88-20 84-68 86-69 
Meaityloxide (CH,),C : CH . CO . CH, 80-18 29-47 80-40 

Ethyl aoetoneoxalate 

CH,.CO.CH..CO.COOC,H, 89-07 86-22 87-24 
Methozymethylene camphor 

:CHOCH, 
C,H24<^ I (^'97 62-89 64-06 

\C0 
Camphoearbozylio eater 

".C00C,Hs 

69-46 69-12 60-18 keto 



n 






\co 

yCH.< 



o-Formylphenylaoetic ester 

C«Hg.C(:CH0H).C00CA 68-06 61-07 6208 enol 

In addition to attempting to ascertain the nature of tautomeric 
substances by the refractivity method described aboye, BrOhl sought 
to follow the course of isomeric change in solution and to discoyer in 
this way the influence of the solyent. 

Notwithstanding the amount of carefully collected data,^ the 
results, in the light of subsequent research, cannot be regarded as 
conclusiye nor the conclusions entirely trustworthy. The method of 
experimenting consisted in ascertaining the molecular refractiyity of 
the pure substance and then examining its refractiyity in different 
solyents and at different temperatures and interyals of time. Most 
of the substances examined were such as would be obtained readily 
in both isomeric forms, and included mesityloxide oxalic ester, 
hydroxymethylene camphor, formyl camphor, formylphenylacetio 
ester, and camphocarboxylic ester (see yoL i, p. 190). 



1 Bit., 1891, 24, 8891, 8709 ; J. prakt Chem., 1894, 50, 209 ; 1896, 61, 1 ; Zeit. 
phyHk. ChiftLf 1900, 84, 1. 
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Thufl^ a-ethyl medtylozide oxalate (enol) gives M^ ■* 67-2 and the 
/9-eaier (keto) Ma - 61*10. When the &oe^ enol form was diasolyed 
in chloroform, methyl alcohol, and ethyl alcohol respeotiyelyi and 
allowed to stand, the following reealts were obtained : ^ 



M, 



a 



(CH.),C : CH . 00 . OH. . GO . OOOOaH. Ohioroform solation 76 days 57*74 

- Bthyl alcohol 89 „ 50-69 

Methyl alcohol 5 „ 51-94 



Ucaiiyloside oxalic eater Bthyl alcohol 89 „ 50-69 

"lethy' 



Hydroxjrmethylene camphor, on the other hand, gave much the 
same result in cUoroform and methyl alcohol, after heating for seven 
hours or on standing for two days, 

XH : CHOH ^« 

0«H.«< I Ohlorofonii aolation 9 days 50-46 

NX) Methyl alcohol „ 50-92 

Hydrozymethylene camphor 

whereas the calculated value for the enolic form is 46-88. The high 
number is no doubt due to exaltation from the proximity of ethenoid 
bond and ketone group. 

Forroyl bromocamphor is clearly ketonic in both solvents. 

Ma Ma eale. 
XHBr.CHO (k«to) 

0«H.4< I Ohioroform solution 9 days 56-94 ^a aq 

XJO Methyl alcohol 5 „ 56-89 ^'^ 

Formyl bromocamphor 

A very unaccountable result was observed by BrOhl with the two 
forms of formylphenylaoetic ester. Whereas the a or liquid enol 
form falls in refractivity in alcohol solution in two hours from Jf^^ 
58-42 to 61*77 (calcubted for keto form Ma - 5107), the solid or 
P compound, which is usually regarded as the keto form, gives in 
methylal solution nearly the same value as the enol isomer, namely, 
JIfa 58-58, without undergoing isomeric change, for the original sub- 
stance can be regained on evaporating the solvent BrtLhl therefore 
concludes that ttiere must be two enol forms and one ketonic sub- 
stance, a result which is unsupported by any chemical evidence. 

Another application of the refractivity method has been used in 
the case of camphocarboxylic ester in order to determine the 
structure of the sodium derivative,* which may be supposed to 
assume the enol form. The method is based upon the rule of 
Biot and Arago for mixtures, namely, that the refractivity of a solu- 
tion is that of its collective constituents. Thus, the combined 

^ ZiU, phu^fk. CKMi., 1899, 80, 1. 

* J. W. Brahl, Z9U. phynk. Ghrni., 1905, 50, J. 
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refraetiyiUes of a solution of camphocarboxylio ester and sodium 
ethoxide in alcohol should agree with that of the constituents 
determined separately. If this is not the case isomeric change must 
have occurred. The differences (A) between the observed value for 
the pure ethyl ester and that calculated from its alcoholic solution in 
presence of sodium ethoxide are as follows : 



Gamphooarboxylic ester. 
XH.COOCjH, 


Per cent. 

in 
solution. 

12-74 


Pure 
substance. 

59-46 


Gale, from 
8ol». ofNa 
compound. 

08-68 


A 

4-12 


Keto form 


1420 


» 


88-89 


4-48 


"•='4. OH 


2800 


)» 


68-94 


4-48 


Enol form 


28-71 


>i 


68-88 


4-87 



Brtthl's attempt to correlate the ' medial energy ' of the solvent, as 
exhibited by its ionising and dielectric properties on the one hand 
and in promoting isomeric change on the other, is not supported by 
Dimroth's later observations.^ The uncertainty which surrounds 
the whole method for determining keto-enol tautomerism has 
recently been illustrated in a very instructive way by Auwers.* 

Knorr succeeded in separating by freezing the two forms of aceto- 
acetic ester and, having determined their refractive indices, which 
exhibit considerable divergence, proceeded to estimate in ordinary 
specimens the amount of enol present, which he found to be 
2 per cent.* Now the amount of exaltation produced by the con- 
jugated system of the enol form of acetoacetic ester may be deduced 
from the value of j3-ethoxycrotonic ester, which gives an exaltation 
of EMj^ « 1-8 for acetoacetic ester (enol form). This value agrees 
exactly with the difference between the observed and calculated 
values of Knorr. 

Obs. Calc. A 



Enol Mj, 
Keto ,, 



84-42 
> 82-00 



82-62 
81-67 



1-8 
0-48 



The percentage of enol will therefore be obtained by taking the 
ratio of the differences between the observed and calculated values 



1 AmuOm, 1904, 886, 1 ; 1904, 888, 148. 

> B9r., 1911, 44, 8626. 

' This was estimated from the refractive indices of different mixtures of the 
two pure substances, namely, enol n}g « 1*4480 and keto n}g m 1*4226, the 
ordinary specimen yielding n}S m 1*4280, or 2 per cent 
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for the keto form (048) and that between the calculated for the 
keto form and observed for the enol form (2>86) and multiplying 
by 100. 

5^ X 100 ■« 15 per cent. 

According to Auwers the calculated value JIfp » 81-57 for the 
keto form is probably different from the true value, which from 
BrQhl's observations is a little higher, namely, 31-79. When this 
difference is introduced into the above expression, the percentage of 
enol will fall to 9 per cent. 

(048-0-22) ,^ ^ , 

' — g^gg — ' X 100 " 9 per cent 

which approximates to the amount obtained by E. H. Meyer ^ from 
estimations of the bromine absorption. 

Hantzsch* has recently applied the property of refractivity to 
determine the formation of salts from a pseudo acid (vol. i, p. 196). 
The process is found to be accompanied by exaltation even when the 
original substance is enolic, thus indicating that subsidiary valencies 
are possibly involved in the production of aci salts (see p. 858). The 
change does not run parallel with the appearance of colour, for it is 
greater on passing from p-nitrophenol, which is colourless, to its 
coloured salts, than from the ortho compound, which is bright yellow, 
to its orange salts. 

DISPEBSIVITY 

It has been stated that the refractive index of a substance varies 
with the kind of light employed, being greater the shorter the wave 
length. The difference in specific refractivity is, however, not the 
same for all substances, say for red and violet light It does not 
foUow, for example, that the refractivities of two substances which 
are the same for the Ha line should show an identical refractivity for 
the Hy line. The difference between the specific refractivities for 
light of widely different wave length is called the specific dispersive 
power or dispersivity. The wave lengths usually chosen are the OL 
and y hydrogen lines or the sodium (d) and lithium (Li) lines. The 
value is obtained by deducting the specific refractivity for light of 
shorter wave length from that of longer wave length, using either the 
n or ff formula. 

_ ny-l Wg-l fiy-n, 

1 Anndlen, 1910, 880, 1212. * Per., 1910, 48, 95. 



Digitized by 



Google 



DISPEESIVITY 297 

The molecular di^rsmty is obtained by multiplying by the mole- 
cular weight (m) of the substance under examination. 

-flfy-JKa" g 

The expressions for the specific and molecular dispersiyity derived 
from the n' formula are : 

^"^^^^ " (n% + 2)(l " (n».+ 2)d 
^^""^•"V;?;T2";i5;:T2)d 

The specific dispersiyity is consequently a differential value de- 
pending on certain factors which, for purposes of comparison, need 
not necessarily be multiplied by the molecular weight, for in com- 
paring molecular values an artificial disparity is in a sense introduced, 
as the difl^erenoe is then a function of the molecular weight. On 
this account Auwers and Eisenlohr ^ multiply the specific refractivity 
by 100, or, in other words, convert the first two decimals in the 
specific re&activities into whole numbers, which they indicate by 
the symbol 2, and the specific dispersivity is then Sy — Sa- The values 
obtained in either case are small, seldom exceeding one or two units 
(see p. 278), but, on the other hand, the effect of impurities, which 
may enormously modify the refractivity, is largely eliminated in what 
is essentially a differential method where the impurity affects the two 
quantities to a nearly equal extent. The dispersive constants for 
the different elements and for double and treble linkages have been 
determined by BrQhl,* and also by Eisenlohr,* in the same way as 
the atomic refractivities (p. 281), but the numbers can only be 
regarded as approximate, and the observed and calculated values do 
not show the same agi*eement as the molecular refractivities. It is 
therefore customary to compare the observed and calculated mole- 
cular dispersivities, the latter being derived fi-om the difference in 
the calculated molecular refractivities for different wave lengths, as 
already explained. According to Brtthl, dispersivity is pre-eminenUy 
a constitutive property, and much more sensitive to structural 
differences than refractivity. For example, multiple linkages seem 
to affect the dispersivity in the same direction, but to a much more 
marked extent than the refractivity, and, among isomeric compounds, 
constitutional differences may be perceived more readily than by 
a comparison of refractivities only. The following examples will 
illustrate this pointy in which conjugation is clearly indicated : 

1 J. prakL Chem,, 1010, 88, 70. > ZeiL phfftik. Chem,, 1B91, 7, 101. 

s Zeit, phytik. Ckm^ 1010, 75, 585 ; 1012, 70, 180. 
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olw. calc 

DUllyl CH, : CH . OHt . GH, . CH : CH, 100 1*06 

Iiodiallyl CH^CH t CH . CH ; CH . CH, 1*67 106 

Valerylene (CH,\C:C:CHs 0*94 0*94 

DiiM>propen7l CH. : CCCHa) . C(CH,) : CH, 1-48 106 

By a compariaon of iaomerio compounds of the fonnula CioHieO, 
WaUach has shown that those which are equally saturated have the 
same dispersivity, whilst Eykman* has pointed out that dispersivity 
affords a valuable indication of the position of the double bond. 
Between eugenole and isoeugenole or safrole and isosafrole the dis- 
persivity produced by the allyl and propenyl side-chain above the 
calculated value is : 

Allyl -<;H, . CH : CH, from 0-024 to 0-029 
Propenyl —C:CH.CH, ,, 0-086 „ 0-048 

that is, the nearer the side-chain double bond is to the nucleus the 
higher the dispersivity. Auwers and EUinger * have more recently 
shown that dispersivity, like refeactivity (p. 286), is increased by the 
double bond in the side-chain (ezocycUc) as compared with that in 
the nucleus (endocyclic). 

per cent. per cent, 

ezaltfttion. exaltation. 

<^ y-C,H^ ^ ^CH.CH, ^ 

Also the presence of radicals attached to the ethenoid carbon atoms 
of a conjugated system decreases the dispersivity as it does the 
refractivity. 

^ Nc.CH:CH.CHj +0-74 0-62 46 per cent. 

^ V.C(CH,):CHa +0-48 041 29 „ 

> £»r., 1889, 22, 2786; 1890, 23, 866. ' Annalm, 1912, 887, 200. 
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MAQKETIO ROTATION 

In 1846 Faraday observed that if a beam of polarised light be 
passed through a transparent substance placed between the poles of 
an electro-magnet so that the light travelled along the lines of the 
field, it undergoes rotatory polarisation. As the rotation is dependent 
on the direction of the lines of the magnetic field, and not on the 
direction of the beam, the light may be reflected along its course 
and the amount of rotation multiplied. This behaviour distinguishes 
magnetic rotation from the rotation of optically active substances in 
which the direction of rotation is reversed by reflection. In other words, 
the direction of rotation will be in the inverse direction when viewed 
from the opposite end of the instrument in the case of magnetic 
rotation, but in the same direction in that of optically active sub- 
stances. Faraday also showed that the amount of rotation of the 
polarised beam is proportional to the length of the layer traversed 
and the strength of the magnetic field. In this way an important 
relation was established between light and magnetic and electrical 
forces. Faraday was, however, unable to account for the pheno- 
menon, and it is only since the introduction of the electronic theory 
that a satisfactory explanation has been forthcoming.^ 

As our object in dealing with the subject is to explain its applica- 
tion to the structure of organic compounds, we do not propose to 
enter into a discussion of the phenomenon on its purely physical 
side. The following facts are, however, of importance. Wiedemann 
found that the rotation increases with decreasing wave length of 
light, and, according to Becquerel, the effect on optically active 
substances is identical whichever the direction of the field. The 
experiments of Verdet have shown that substances must be divided 
into two classes : those, including the larger number, which are 
rotated in the direction of the current producing the magnetic field, 
and a few, such as iron salts, which are deviated in the reverse 
direction. 

The influence of temperature on magnetic rotation is small. The 
effect of rise of temperature is generally to diminish the rotation ; 
but it depends on the structure of the substance, and, in a homolo- 
gous series, it increases with the molecular weight. By comparing 
substances at the same temperature these influences are removed. 

1 Modm% EUUrkal Theory, N. R. Campbell. Gamb. Unir. Press, 1018. 
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The application of magnetic rotation to the study of structure 
was first investigated by W. H. Perkin in 1882, and in his hands 
has become one of the most delicate and trustworthy of physical 
methods. His results are embodied in a series of memoirs which 
appeared at intenrals down to the year 1907.^ 

The original apparatus used by Perkin is shown in Fig. 9.* The 
apparatus subsequently underwent some slight modifications* which 
rendered its manipulation more convenient ; but in its essential 
parts it remained unchanged. 

It consists of an electro-magnet B, with hollow pole pieces (7, C. 
E is the polariser and 2) the analyser, both firmly clamped (subse- 
quently fixed to the same metal frame). G is the apparatus for 
producing a strong sodium flame, and consists of an iron tube 
containing metallic sodium, which is volatilised in a current of 
hydrogen. The light is filtered through a solution of potassium 
dichromate contained in the bulb of the distilling flask. iT, K are 
copper vessels placed on the pole pieces, and cooled by a current of 
cold water to prevent the substance under examination rising in 
temperature. Two tubes, one holding the substance and the other 
water, are fixed to a movable carriage at F between the pole pieces. 
In the later form of construction water was caused to circulate 
through the pole pieces as well as round the substance contained in 
a copper cell. 

A current was maintained from a battery of Groves cells, kept 
constant by a resistance and measured by means of a galvanometer. 

As the method of determining magnetic rotation values is a com- 
parative one, like that adopted in other physical measurements, it is 
necessary to fix on some standard substance for comparison, and for 
this purpose Perkin used water. If the same tube is used in all the 
determinations no correction for the length of the colimm of liquid 
is required. In order to compare the effect of equal masses of 
different liquids it is requisite to divide the observed result by the 
density. The rotation in unit length of tube a, divided by the 
density d, is called the specific rotation (r). 

tt 

'• = 5 

When this expression is multiplied by the molecular weight m^ 
the product is the molecular magnetic rotation (Jf) or the rotation 

1 IVanc. Ckm. Soc., 18S4, 46, 421 ; 1886, 47, 261 ; 1888, 63, 601 ; 1802, 61, 807 ; 
1894, 66, 407 ; 1895, 67, 261 ; 1896, 60, 1058 ; 1902, 81, 815 ; 1906, 80, 849; 
1907, 91, 885, 851. 

* Train*. Chem. 8oc.j 1884, 46, 421. * SVoiM. Ck$m. Soc, 1896, 68, 1027. 
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produced by equal numbers of molecules of the difPerent substances 
examined. 

-- rxfn 

The following example wiQ illustrate the method of calculation : 

Observed rotation of water 82*695 
,, ,, ,, liquid 88450 

«-22^, jg- 08688 



Molecular weight of water 
„ „ „ liquid 

8845 X 284 



18 

284 



ir» 



82596x18x08688 



When solutions are used the rotation of the solvent must be deducted 
from that of the solution. 

The error of observation will depend mainly on the purity of the 
substance. With the same substance the experimental error does 
not as a rule exceed 1 per cent., so that with a specific rotation of 
1 to 2 whole numbers the second decimal may vary by 1 unit. 

Zsomerie Compoiindfl. The following groups of isomers, chosen 
from among different classes of compounds, exhibit larger or smaller, 
but in all cases consistent differences which exceed experimental 
error, and clearly point to differences of structure. The property is 
therefore not merely additive, but also constitutive. 



Snbstanoe. M 

Hexane 6*670 

Isohexane 6*760 

Propyl alcohol 8*768 

Isopropyl alcohol 4*019 

Propyl aldehyde 8*882 

Acetone 8*614 

Propionic acid 8*462 

Methyl aceUte 8*862 

Ethyl formate 8*564 



0099 



0*251 



0*182 



0100 
0-202 



Butyl alcohol 
Isobutyl alcohol 
Trimethyl carbinol 
Ethyl ether 



*~2 0186 



Propyl iodide 11*080 

Iiopropyl iodide 11*182 



0102 



Substance. M 

Nitro isobutane 4*99 

Isobutyl nitrite 6*37 

Benzyl alcohol 12*400 

o-Cresol 18*882 

w- „ 12*776 

p- „ 12*768 

o-Xylene 
m- „ 

P- ft 

Ethyl benzene 

Benzyl chloride 14*014 

o-Chlorotoluene 18*719 

l>- „ 18*246 

Phenyl acetic ester 14*982 

o-Toluie ester 15064 

p-Toluic ester 14*744 



0*88 



0*982 
0*606 
6*008 



18*846 rtiQA 
12««» 0^0^ 

18*414 ^^ 



0*295 
0*478 



0*082 
0*820 
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Stereoisomanu Geometrical isomers haTe also a different 
magnetic rotation, the ' trans ' modification being, as a rule, higher 



than the 'cisV 










M 




Jf 


Ethyl maleate 
„ fumarate 


9-625 
10-112 


Ethyl citraconate 
Ethyl mesaconate 


10-517 
11-288 


Optical isomers also differ in 


rotation : 






M 




Jf 


Ethyl Urtrate 
Ethyl racemate 


8-766 
8-759 


Dipentene 
d-Limonene 


11-816 
11-246 


Glueoae 
Galactow 


6-728 
6-887 


r 8 8 (9) Menthadiene 


12-989 
18*061 


Lactose 
Maltose 


12-7U 
12-690 







Somologaiui Bariea, OOiuitaat for OX^. The following mean 
value for CHg has been derived from a large number of homologous 
series: 



Seriec. 


CH, 


Max. and 
Min. 


Series. 


GH, 


Max. and 
Min. 


Paraffins 


1061 


0-999— 1118 


Alkyl chlorides 


1015 


1-0U_1.017 


Alcohols' 


1-057 


1-080— 1098 


„ bromides 


1081 


1-028-1084 


Aldehydes 


1-022 





„ iodides 


1-081 


1.005-.1-066 


Fatty acids 


1-021 


1-010-1-041 


Phenyl ethers 


1058 


1-052—1-058 


Esters 


1028 


1-015—1-082 









From the above figures Perkin has computed the mean value to be 

OH, - 102& 

■erlMi Constant. If there are n carbon atoms in a molecule 
belonging to a particular group of compounds, then by deducting 
the value for n GH, (n x 1*028) from the total magnetic rotation, 
a number is obtained which is nearly constant for the whole series 
of compounds belonging to that group. This number is called the 
aeries constant (S). 

For example, in the series of fatty acids (omitting the first two 
members, which are abnormal) the series constant is 0-898. 

M nx 1-028 S 

Propionic acid 8-462 8x1-023 0-898 

Butyric acid 4-472 4x1-028 0-880 

Valeric acid 5-518 5x1-028 0-898 

Oenanthylic acid 7-552 7x1-028 0-891 

CapryUcacid 8-565 8x1-028 0-881 

Felargonic acid 9-590 9x1-028 0-888 

Mean 0-898 

* Perkin, Tnm». Ckm, 5oc, 1888, 58, 591. 

* In calculating the mean, the initial members which show an anomalous 
behaviour (the TiJue is higher probably through association) are omitted. As 
Perkin {Trans. Cfftmn, 5oc., 1884, 45, 552) has pointed out, the two initial members 
of several homologous groups contain no simple GHj group. 
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The molecular magnetic rotation is calculated from the equation, 
Jf-S+n (1-028). 
The following table gives the swies constants for different classes 
of compounds : 



Series. 


Formula. 


a 


Panffina, norm. 


CfiHuH-a 


0-508 


i> iso 


ft 


0-681 


Alcohols, prim. 


CnH,,i+aO 


0-699 


>* ISO 


>y 


0*844 


Aldehydes 


C,H.,0 


0-261 


Ketones 


jf 


0-876 


Fatty aoids 


C,H,nO, 


0-898 


Unsaturated acids 


C|.H,».,0, 


1-461 


Dibasic acids 


Ci.H,«.,0« 


0196 


Formic esters 


ChH,»0, 


0-496 


Acetic esters 


>i 


0-870 


Esters of higher acids 


}9 


0-887 


Methyl esters 
Ethyl esters 


ff 


0-278 


CnHju+iCl 


0-887 


Alkyl chlorides 


1-988 


„ f, iso and second. 


tf 


2-068 


„ bromides 


C»Hm+iBr 


8-816 


ff „ iso and second* 


fy 


8-924 


;, iodides 


C»H,«+iI 


8-011 


f, n iso and second* 


9» 


8-099 



Oenerany the increase for iso compounds is 0-112 (rather higher 
for alcohols and ethers) ; also, initial members containing no CHg 
group, such as iaopropyl alcohol are higher by 0-251. 

The following examples will serve to illustrate the use of the 
above series constants : ^ 

Leviilinic acid CH, . CO . CH, . CH, . COOH 



Ketone, series constant 
Acid „ „ 



1-028x6 

Calculated 
Observed 



0-876 
0-898 

2) 0-768 

0-884' 
6-116 

6-499 
6-618 

Diff. 0-019 



Ethyl lactate CH, . CHOH . COOC,H, 
Sec alcohol, series constant 0-844 



Ethyl ester 



1-028x6 

Calculated 
Obsenred 



Diff. 



0-887 

2) 1-181 

0-690 
6-116 

6-706 
6-720 

0-016 



1 Tram$, Ckm. Soe., 1892, 61, SOO. 

* The series constant in a case of this kind is the mean of the sum of the types. 
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Another method of calculating values is to determine the effect of 
replacement of hydrogen by other elements or groupa The numbers 
obtained in this way are not always concordant For example, the 
successive replacement of hydrogen by halogen varies for each atom 
replaced. 

CCI4 6-682v 

>1.028 
CHCI3 54}59< 

>l-246 
CEfil^ 4818^ 

The effect of a single substitution in the same homologous series 
is approximately the same and equal to the values derived from 
the series constants. The value of alcohol-hydroxyl, when it replaces 
hydrogen, can be obtained by comparing the series constant of the 
paraffins with that of the alcohols, 

Paraffins— alcohols, H by OH 0-699-0-508 - 0191 
but, when applied to other series, little reliance can be placed on this 
value. Thus, when hydrogen is replaced by hydroxyl in aldehydes 
to form acids, the value is 0*182. Again, the replacement of hydrogen 
by hydroxyl in propionic ester to form lactic ester is 0*276, and not 
0-213, the difference between the series constant for isoparaffins and 
isoalcohols. When ethyl replaces hydrogen in the fatty acids to 
form esters, the value for ethyl is (2 x 1028 + 887) -0-898 - 1-990 ; 
but in the case of dibasic acids the value for each ethyl group is 
1*96. When aldehydes are converted into acid chlorides, the sub- 
stitution of hydrogen by chlorine increases the rotation by 1-669 
units, but in other types it may vary from 1*469 to 1-724. 

Constants for this Slements. From the different series constants 
it is possible to ascertain the values of the elements. The series 
constant for the paraffins is the equivalent of H^ « 0-508, or 
H B 0-264. From CH^ » 1-028, the value for the carbon is 
1-028-0-608 - 0-615. The series constant for the alkyl chlorides 
is 1-988. Deducting the value for hydrogen, d » 1-784. Oxygen 
in hydroxyl can be derived from the alcohols, ketonic oxygen from 
the aldehydes and ketones, and so forth. The following values have 
been calculated in this way : 



Element 


Constant. 


Element. 


Constant 


H 


0-254 


Gl 


1-784 


C 


0-516 


Br 


8-56 


(y(OH) 

<y' (aldehydes) 


0-191 


I 


7-767 


0-261 


N'" (amines) 


0-717 


<y' (ketones) 


0-875 
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CONSTANT FOR THE DOUBLE BOND 805 

Constant for the Doable Bond« The effect of an eihenoid 
linkage is to raise the rotation. A comparison of saturated with 
unsaturated fatty esters and of allyl with propyl alcohol gives an 
increase of 0-914 — 1*170, that is, without adding the value for the 
H atoms removed. Perkin takes 1*112 as the mean value ; but it 
varies from that of the hydrocarbons^ which give the lowest 
number, to that of the esters, in which it reaches a maximum. 

U A 

TrimdiliyleUiylene (CH,)aC : GHCHi 6*208 ^.^g 

Pentane CsHu 6*680 

DiaUyl CeH,o 8*420 ^.^.- 

Hexylene CM^ 7HS ^J*!L 

Hezane CeH,^ 6-646 ^ ^^^ 



Ootylene OLHu 9*482 

Octane C,Hi3 8-692 

Diamylene OioH,o 11*472 

Deoane (oala) GxoHa 10*788 



0*740 
0*784 



Allylaoetio acid GHt : CH . CH, . OH. . OOOH 6*426 ^ q. j. 
Valeric acid O.H,oO, 6*518 "*^^* 

Allyl alcohol CH, : OH . OH,OH 4*682 ^ oi i 

Propyl alcohol CH, . CH, . CH,OH 8*768 "'*^* 

Ethyl crotonate CH, . CH : CH . CO2C2H. 7*589 . . . ^ 

Ethyl butyrate C,H,00OC,H5 6*477 ^'^^^ 

The same result is obtained in the aromatic series, if the double 
bond forms part of the ring. 

M A 

Cyolohexane 6*664 f. -qq 

Tetrahydrobenxeno 6*892 "'^ 

The value is largely increased if the double bond is in the side- 
chain instead of in the nucleus : 

M A 

Styrene CeHsCH : CH, 16-041 q ^91 

Ethyl benzene 0,H, . C A 18^1* 

Propenyl benzene OeH.CH : CH . CH, 17*599 ^ ^^ 
Propyl benzene CeH5C,HT 14*558 •"*'* 

^Butenyl benzene C,HbCH : C(CH,), 18*862 « ^^^ 
Butyl benzene OeH^ . C^H, 15*680 ^_^ 

Mean 2*884 
With two benzene nuclei the value is still further enhanced : 

M A 

StUbene ^ ^ CH : CH ^ ^ 88*148 

8146 
Dibenzyl ^ ^ CH, . CH, <(~)> 2*fi»7 
II Z 
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806 PHYSICAL PROPERTIES AND STRUC3TURE 

If, on the other hand, the double bond in the side-chain is further 
removed from the nucleus the value falls, and may become normal. 

M A 

laoeogenole CH,0 . C«H.(OH)GH : CH . GH, 21-469 «... q 
Eugenole CH,0 . CeH,(OH)OH, . CH : OH, 18-727 * '*" 

Another example is that of the allyl ether of phenol and the aUyl 
ester of benzoic acid : 

Jf A 

Allyl benzoste C.H.GO . OGH, . GH : GH, 15-722 ^^^ 

Propyl benzoate GeH^GO . OC,Ht U-87S ^^* 

Allyl phenyl ether GeHtO . CH, . GH : GHt 17-134 ^.^^ 
Propyl phenyl ether GeHgO . C,Ht 16187 ^^' 

In the last examples the differences approach that between allyl and 
propyl alcohol A - 0-914. 

The effect of a treble bond compared with the saturated compound, 
in the few examples that have been studied, shows a rather smaller 
increase, fluctuating between 0-629 and 0-869. 

Betormiaation of Straotnre.^ The application of magnetic rota- 
tion to determining structure includes cases of keto-enol tautomerism 
and the structure of cyclic compounds of the terpene series. We 
will indicate briefly how the fiist problem has been attacked. The 
question resolves itself into comparing the calculated values for the 
enol and keto forms with that observed for the pure substance. 

The value for ethyl hydroxycrotonate CHa . G(OH) : CH . GOOC^H^ 
may be calculated in various ways, as follows : 

M 
Ethyl orotonate 7-689 

OH in place of H in alcoholi 0-194 

7-788 

or. Ethyl lactate -i-GHt (Ethyl hydrozybutyrate) 6*787 

Unaaturation ( -»- Ht) 1-112 

7-849 

The value for the ketonic form of acetoacetic ester may be computed 

as follows : 

Series constant for acetic ester 0*870 

„ I, ketone 0-876 

2 )0-746 

Mean aeries oonataat 0-872 

1028x6 6-188 

6-610 
The observed value for acetoacetic ester 6-601 

> Tram, Chm. Soc, 1892, 61« 808. 



Digitized by 



Google 



DETERMINATION OP STRUCTURE 807 

The structure of acetoaoetie ester, as determined in this way, is 
therefore entirely ketonie. 
We will take one more example^ that of acetyl acetone 

CH3.CO. CHg. CO. CHa, 

which may exist as di-ketone, mono- or di-enol. 

Calculated values for the ketone are : 



or, 



U for acetone 

Jf for aoetyl in pUoe of H 


8-514 
2-082 




5-558 


Series constant of acetone ^ 
1028x5 


0-445 
5-115 

6-560 


ralue for the di-enol is : 




Jf for glycol 

1028x8 


2-948 
8-069 


For nnsatnration 1*112 x 2 


6-012 
2-224 




8-286 


ralue for the mono-enol is : 




Series constant for isopropyl alcohol 
„ „ ketone 


0-950 
0-875 




2)1-825 


1-028x5 

Acetopropyl alcohol 
For unsataration 


0-662 
5-115 

5-777 
1-112 



6-889 

A similar method has been applied to the methyl deriyative of 
acetyl acetone with the following result : 

Keto Hono-enol Di-enol Obs. Calc. per cent, 
calc. calc calc. 16^ mono-enol di«enol 

Acetyl acetone 5-558 6-889 8-286 7-166 80 20 

keto mono-enol 
Methyl aoetyl acetone 6-519 8-882 9-295 7-287 46-4 58-6 

At a temperature of 98^ acetyl acetone gave 6-699, showing thereby 
an increase of keto form with rise of tempeiature. 

^ The series constant for a mono*ketone is taken, as that for a di-ketone is 
unknown ; and by comparing the effect on introdncing a second carbozyl or 
hydroxyl, Perkin considers that the second ketone group will not alter the 
constant (ZYvms. Chm. Boe^ 1892, 61, 814). 

X 2 
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BiBff Fomatioa.* The effect of forming a closed from an open 
chain will be seen from the following examples : 

U A GalouUted for— M A 

Butyric add C^HaOt 4*472 t\.o^i Formic acid + 8CH9 4-740 _/v.roq 

Cyclopropane c^boxyUc 4-141 "^^^ 4-140 -^^^^ 

add C^HfO, 

Valeric acid C.H„0. 6-613 ,.^-r Acetic acid +8CHj 6-6»4 ^^.r^ft 

Cydobutane ctf boxyUo 6-048 "^ *^ 6-048 ^^^ 

add C^Bflt 

Caproio acid C«H|.0« 6-680 ^^oa Propionic add -»• 8CH, 6-681 |.i>^ 

Cydopentane carbozyUc 6-891 ^^^^ 6-891 "^'^*" 

add CeHioOa 

Capric acid C,HuOa 8-680 ^^^ Valeric add +8GH, 8-682 ^«|.- 

Methyl cyddJwine carb- 7-976 ^^'^^ 7-976 "^^^ 

oxylio acid CaHuO. 

In the second half of the table, the calculated values for the 
saturated adds are compared with the corresponding ring compounds. 
Cyclopropane carbozylic acid, the first member of the series, is 
abnormal ; but the abnormality vanishes when it is compared with 
the first member of the aliphatic series, namely, formic acid. 

Perkin reckons ring formation with loss of H^ at 0*6 in acids, 
esters, and ketones, but in hydrocarbons it is largery and in dichloro- 
cycloparafl^ it is smaller. 

M A 

Hezane 6*646 ^^^q 

Cydohexane 6-664 -"^ww 

Straoiue in the Torpene and Camphor Oroup. The rotation of 
camphor may be calculated as follows : 

jf 

Methyl hexyl ketone 8-609 

CH,x2 2-046 

Double ring 0-6 x 2 -1-200 

Camphor, calc 9-866 

„ oba. 9-266 

limonene gives the following result : 

M 
Paraffin OioHn, calc. 10-788 

Less ring formation (hydrocarbon) 0-982 

9-766 
Unsaturation |=, 1-440 

OioHiei calc. 11-196 

„ obs. 11-204 

The difference in structure between bornyl chloride and pinene 
hydrochloride is very clearly brought out by this method. If the 
1 IWma. Chm. Soc., 1902, 81, 892. 



Digitized by 



Google 



STRUCTURE IN THE TERPENE AND CAMPHOR GROUP 809 

i^o were identical, the calculated yalue should agree with that of 
pinene with the addition of HCl, 0-264 +1*784 - 1-988, lees the 
Talue of an ethenoid linkage (0-720). The value of bomyl chloride 
can then be calculated as follows : 

M 
Pinene, obs. 10-294 

HCl 1-988 

18-282 

Lessp 0-720 

Bomyl chloride, cale. 11-662 
„ olw. 11068 

Diff. 0-60i 

Consequently bomyl chloride must be differently constituted from 

pinene hydrochloride, as we know it to be on other evidence. If, 

on the other hand, it has a similar structure to bomeol, its value 

will be that of bomeol in which hydroxyl is replaced by chlorine. 

In passing from secondary octyl alcohol to octyl chloride there is 

a rise of 1*244 unita If the value is the same when bomeol 

becomes bomyl choride we have : 

Jf 

Borneo], obs. 9-806 

Substituting OH by CI 1-244 

Calc 11-060 

ObB. 11-068 

Hagneto-rotatovy Szaltation. A very interesting observation 
was made by Perkin in ascertaining the magnetic rotation of the 
synthetic members of the terpene series.^ A comparison of two 
active menthadienes which are structurally closely related reveals 
a difference in rotation which can only be due to reinforcement 
produced by the conjugated linkages similar to that observed in the 
case of refractive exaltation (p. 284). 

M 
d A>* > (•; p-Menthadiene 18061 

(IA».«W „ (Umonene) 11-246 

DiA 1-816 

The discovery has thrown a new light on certain anomalous results 

connected with benzene and its derivatives. 

Aromatio Oomponnds. Perkin found ' that hexylene and diallyl 
give normal values (p. 284) ; but there is a jump of 8*776 units with 
the introduction of the third double bond in hexatriene. 

Jf A 

Hezane C^U^ CH,(CH,\0H9 6-670 ^Qj^f. 

Hexylene CeH„ CH^CH,),CH : OH . CH, 7-478 "bi? 

Diallyl C,Hi^ CH, : CH(CH,)/3H : CH, 8-420 "'i^' 

Hexatriene C.Hj CH,:CH.CH :CH.CH :GH, 12196 *'^'" 

^ Trani. Ckm. 5oc, 1906, 88, 849. • Tran$. Om. 8oc, 1907, 01, 806. 
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The difference between diallyl and hezatriene is of the same order 
as that obeenred in menthadiene, or 2 x 1-815 ^ 8*680, and at once 
explains the high rotation of benzene. On deducting 0-982 units 
from hezatriene for ring formation, the result is nearly identical 
^th the observed value : 

M 

HezAtriene 12*196 

Bing formation — 0*982 

Cale.forO«H« 11-214 

Obt. „ 11-284 

A similar difference produced by conjugation has been noticed in 
the case of A**' dihydrobenzene : 

M 
Gvelohexane 5*664 

A^** Dihydrobenzene 8*098 

DiA 2*429 

Several facts now become clear which were previously unexplained. 

For instance, the high Value of the double bond next to the nucleus, 

which has been referred to under refractivity (p. 286), must be 

regarded as forming part of a conjugated system (p. 69). 

Value for p 

Stywne ^ ^ CH : CH, 2627 

Propenyl benzene ^_\.CH:CH.CH| 8*046 

Botenyl benzene ^ S . CH : C(CH,\ 2*784 

The same applies to eugenole, whilst in stUbene with its seven 
conjugated double linkages the increase as compared with dibenzyl 
amounts to 8*146, or adding the value for two bensene rings, 19*886, 
or 2*77 for each double bond. The same reasoning explains the 
high rotation of naphthalene, namely, 26*126. The value of the 
double bond may be calculated as follows : 

M 

Crdohexane — 2H 5-166 
+ (CH,)4 8*776 

8*982 

Deducting from 26*126 the above calculated value and dividing by 6 

gives 8-24 for each double bond. But there are many other fiicts to 

the explanation of which these views will apply. Comparing diphenyl 

with diphenylmethane and allowing for the extra OH, group, the 

screening effect of the latter lying between the two sets of conjugated 

bonds is at once apparent : 

Diphenyl 26*804 

Diphenylmethane -CH| 28-887 

1-967 
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Beference has been made on p. 288 to a theoiy of Eisenlohr ^ in 
which he points out that when elements possessing residual valencies 
are in a conjugated position to a double bond, the effect is shown by 
a certain amount of optical exaltation. This idea had been previously 
foreshadowed by Perkin * in explaining the abnormally high values of 
certain groups attached to the benzene ring, especially NHg and 
N(CH3)2y and also the reverse effect of othersi such as NO2. 

M U 

Nitrobenzene 9-861 Aniline 16*076 

Benzene 11-284 Benzene 11*284 

-1-928 +4-792 

Generally the result of replacing H by NHj in the aromatic series 

is an increase in the rotation by i-6 units, whereas in the aliphatic 

series it is about 1 unit. This is seen by comparing a substance where 

the amino group is in a side-chain with one subtituted in the nucleus, 

Jf M 

p-Toluidine 16-188 o-Tolnidine 17-200 

Benzylamine 18-646 Benzylamine 18-646 

2-642 8-554 

If the residual valency of the nitrogen is removed by forming the 
hydrochloride of the base, this exaltation diappears to some extent, 
the hydrochloride having only a slightly higher or lower value than 
the free base. ^i M 

Aniline hydrochloride 16-894 Dimethylaniline hydrochloride 18-826 

LeasHGl 2-245 Less HGl 2-245 

14-149 16081 

Aniline 16-076 Dimethylaniline 22888 

The same principle may account for the high value of hydroxyl 

when it replaces hydrogen in the nucleus. The difference in the 

rotations is about 0-85 units, 

Benzene— Phenol -1-0-856 

Anethole— Isoeugenole -f 0-848 

whereas, when the hydroxyl is screened from the nucleus^ the value 
&lls nearly to the normal for aliphatic compounds (0*191). 

Tolnene—Benzyl alcohol + 0-248 
In the same way the replacement of hydrogen by cyanogen in the 
nucleus and side-chain produces different results. 

Benzene — Benzonitrile +0*578 

Toluene— -Benzyl cyanide + 0-815 

The nitro and carboxyl groups depress the rotation, the former 
lowering the value 1-85-1-94 units and the latter 0*817-0-918 units. 

Befsbbkces. 

ITie RdaUcns hehoeen (^temkaX OonstUuHon and iom§ Pftyticol PnpertieSf by S. Smiles. 
Text-books of Physical Chemistry, Longmans, 1910. 
Graham-Otto, L^lmeh dir Ch§mi$, vol. ill. Yieweg, Bnmswiek, 1898. 

> Bir., 1911, 44, 8188. ' IVwif. Chm, 5oc, 1896, 69, 1161 ; 1907, 91, 811. 
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THERMOGHEMISTRT AND STRUGTURB 

Among the phjnucal methods available for determining the 
structure of organic compounds, that of the heat given out on 
combustion naturally suggests itself ; for the various ways in which 
the same atoms can group themselves in the molecule must repre- 
sent a certain difference in internal energy which might be expected 
to manifest itself on combustion by oorresponding differences in the 
amount of heat evolved. Thus, one might be led to expect that an 
ethenoid linkage of an unsaturated compound, by being more readily 
broken down than the single bond of a saturated oompound, would 
absorb less energy by its rupture, and therefore give out more heat. 

It might further be supposed that, as in refractivity^ where 
constants were assigned to the atoms, the atoms would also possess 
definite heats of combustion according to their mode of combination. 
If this were the case, theoretical values might be deduced for the 
heat of combustion on the basis of a particular structure, which an 
experimental observation would confirm or disprove. 

There is not the least doubt that the mass of experimental data 
which has been steadily accumulating for many years past points 
definitely in the direction indicated, yet as Wrede^ has recently 
stated, ' when it is attempted to calculate the heat of oombustion of 
any substance from its constitution by means of a formula and by 
using empirical constants, such attempts must be regarded as 
premature.' 

But if the anticipations of the utility of thermochemical measure- 
ments as a constitutive method have not so far been fiilly realised, 
it has not been due to any want of patience, skill, or scrupulous care 
on the part of the pioneers, Thomson, Stohmann, Berthelot, and 
Louguinine, in this field of research, but rather to the peculiar 
experimental difBculties which the measurements entail To write an 
account of the thermochemistry of organic compounds is in reality to 
describe the various stages in the development of the calorimeter. 

Calorlmetry. The principle of the method adopted by all ob- 
servers has been the same, namely, to bum a given weight of the 
substance in a glass or metal vessel (combustion chamber) surrounded 
by a known weight of water contained in an outer vessel (calorimeter), 
and to note the rise of temperature of the water. The amount of heat 

> Zeit pkysik. Chmn., 1910, 75, 81. 
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required to nose the temperature of 1 gram of water 1^ C. is called 
a gram-calorie, and thia has served as the general unit of measure- 
ment A moleeular-gram-oalorie is the number of calories given 
out by the molecular weight of a substance in grams and divided 
by 1000,» 

In order to calculate the heat of combustion it is necessary to 
know not only the rise of temperature of the water in the calori- 
meter, but also the amount of heat in calories absorbed by the 
combustion chamber and its accessories in raising it through the same 
temperature as the water, i. e« * the water equivalent ' of the chamber. 
It may be found either by calculation from the specific heat and 
weight of the various parts, or by ascertaining the specific heat of 
the vessel as a whole by heating it to a definite temperature and 
determining the rise on plunging it into water, or by burning in the 
chamber a given weight of a substance whose heat of combustion 
has been carefully ascertained. Such standard substances have been 
furnished by Fischer and Wrede,* who have determined with great 
precision the values of benzoic acid, cane-sugar, and naphthalene, all 
of which can be readily obtained with the requisite degree of purity. 

The thermochemical studies of Julius Thomson date from 1851 to 
1886.* In his apparatus (Fig. 10) the combustion chamber consists 
of a cylindrical metal vessel of about 200 cc. capacity, connected 
below with a spiral metal tube for conveying the products of 
combustion to the drying apparatus, and potash absorption tubes. 
The whole is enclosed in the calorimeter, which holds 2 to 8 litres of 
water and is closed at the top by an ebonite lid pierced with two 
holes for the thermometer and the shaft of the mechanical stirrer. 

The other parts of the apparatus are the gas holders a and b for 
delivering oxygen to the burner, o and d containing combustible 
gases for examination, b the motor for actuating the mechanical 
stirrer, f the burner, and o the aspirator for drawing off the products 
of combustion. As the water in the calorimeter did not exceed by 
more than 1^ the temperature of the room (being in the basement 
it could be kept nearly constant throughout the year) no external 
non-conductor was placed round the calorimeter. The substances 

1 It is generally aBBumed in these calculations that the specific heat of water 
is oonstuit throng the few degrees of temperature measured. Recently 
Fischer and Wrede {ZHt phfnk, Chim,, 1909, 60, 218), using a platinum 
resistance thermometer, have made use of electrical units (kilowatt-second) 
which are eaaily transposed into C.G.S. units or into gram*ealories (1 kilowatt- 
second « 0-2S90 cals. at 15^) as occasion may demand. 

* Z«U.phtf9ik. CKem., 1909. 60, 21& 

* Thermoehemistry, by Julius Thomsen, trans, by K. A. Burke. Textbooks of 
Physical Chemistry, Longmans. 
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which were either gases or volatile substanoes were burnt in a 
current of oxygen in a special form of apparatus called a * universal 
burner',* shown in Kg. 11. 

It consists of a glass bulb a drawn out into a long neck and 
surmounted by a platinum nozzle. The substance is introduced into 
the bulb containing a wick of cotton wool or asbestos which rises 
into the constricted part of the neck 6. The neck is surrounded by 
a spiral of platinum wire which can be heated by a current of any 
required strength necessary to volatilise the substance, which is 
ignited at the nozzle, where it meets with a current of oxygen 
admitted through c The burner is inserted below the combustion 



^—0 





FlQ. 11. 



Fig. 12. 



chamber and fixed by means of the rubber cork d. The electric 
current required to heat the wick and the flow of oxygen are so 
regulated as to ensure a perfectly steady flame, and the burner is then 
quickly inserted. 

The composition of the substance being known, the quantity burnt 
was ascertained by the increase in the weight of the potash vessel 
due to the carbon dioxide drawn from the combustion chamber. 
In this way the heats of combustion of some 120 compounds were 
ascertained, including hydrocarbons, their chlorine, bromine, and 
iodine derivatives, alcohols, ethers^ ketones, acids, amines and nitro 

& Bff., 1888, 15,8909. 
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compounds. Although the use of the universal burner is open to 
criticism, owing to the fact that the amount of heat transferred 
to the combustion chamber cannot be accurately ascertained/ the 
results nevertheless are significant of the potentialities of thermo- 
chemical data and will be referred to presently. 

Berthelot's original apparatus* (Fig. 12) consists of a vessel similar 
to Thomson's but made of thin glassy which is not only a lighter 
material, but it also enables the process to be watched. Like 
Thomsen's vessel, it is furnished with a spiral glass tube for con* 
veying the products to absorption vessels. The oxygen is inixoduced 
by means of a glass tube passing through the tubulus fused to the 
top of the combustion chamber, and the substance is burnt in a small 
lamp with asbestos wick. 

The products of combustion are drawn through drying tubes, 
a potash apparatus, and then over heated copper oxide to convert any 
carbonic oxide into dioxide, which is absorbed and weighed, and any 
necessary correction introduced in case of incomplete combustion. 
The method is naturally restricted in its application to a few gases 
and to the more volatile liquids. 

In 1886 Stohmann published his first experiments, in which he 
employed a modification of the Lewis Thomson calorimeter. The 
substance was mixed with powdered potassium chlorate containing 
a little manganese dioxide and ignited by a wire heated by an 
electric current. The combustion chamber being closed at the top 
and perforated at the bottom, the escaping gases were driven through 
the water of the calorimeter, to which they imparted their heat. 
The method only admitted or the combustion of the less volatile 
organic compounds, and the numerous corrections incidental to 
the process of combustion rendered it not altogether suitable or 
trustworthy. It was soon replaced by Louguinine's modification of 
Berthelot's apparatus, in which the various parts were made of metal 
instead of glass.* 

The introduction of Berthelot's bomb calorimeter in 1885 * effected 
a revolution in thermochemical measurement The substance is 
burnt in a vessel filled with compressed oxygen. The combustion 
chamber (Fig. 18) is made of stout steel coated inside with platinum 
or enamel, and capable of withstanding a pressure of 25 to 50 
atmospheres. 

1 StohmanD, J, prakt, Ohtm,, 1886, 88, 668. 

• Ukanique Chimique, 1879, vol. i, p. 241 ; Ann. CMm. Phys,, 1882 (6), 27, 847. 

• J, prakt Chem., 1886, 88, 241, 672. 

« Ann. Chim. Phy$., 1886 (6), 6, 646 ; 1887 (6), 10, 488. 
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It has a capacity of 250 to 800 cc. and weighs about 3 kilos. It 
stands in a calorimeter holding about 2 litres of water, which 
covers it to the neck. To restrict the amount of radiation, the 
calorimeter is surrounded by a larger vessel holding about 40 litres 
of water, which renders the apparatus independent of the external 
temperature of the room. The weighed substance, if solid, is com- 
pressed into pellets ; if liquid it is enclosed in gelatine or celluloid cap- 
sules or in some inert absorbent 
materiaL It is placed on a plati- 
num tray, where it is ignited by 
means of a fine iron wire, heated 
to redness by an electric current^ 
By this means the combustion 
is almost ijistantaneous and, as 
the bomb rapidly cools, equali- 
sation of temperature is complete 
within a few minutes after igni- 
tion. Thus, instead of lasting an 
hour or more, as was the case 
with the older methods, the 
operation is over in about fifteen 
minutes from start to finish. 
The correction due to radiation 
is therefore greatly reduced and, 
as the combustion is usually 
complete, no correction is re- 
quired for unbumt or partially 
burnt material. Moreover^ as the 
products are all retained within 
the calorimeter, which is closed 
before ignition, the troublesome 
weighing of absorption vessels 
is eliminated and the single 
weight of the substance is all that is required. Apart from the 
small correction for radiation, account must be taken of (i) a small 
qiumtity of nitric acid, which is produced either &om the nitrogen in 
the compound or firom a trace of it in the oxygen used, and is 
estimated by washing out the bomb and titrating with alkali ; (ii) the 

* Details of manipulation, correction, and calibration of the calorimeter may 
be found in laboratory exercises in Phusieal Chemistry hj Getman (Wiley & Sons, 
1904), or in the following papers: Stohmann, J. prakt. Ohem., 1894, 49, 99; 
Fischer and Wrede, Ze»<. physik. Chem., 1909, 69, 218 ; 1910, 75, 81 ; and Roth, 
^iMkrfwi, 1910, 878, 249. 
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heat giTsn out by the ignition and burning of the iron wire, the 
two corrections together not eiceeding as a rule 1 per cent of the 
total heat of combustion. A further slight correction is sometimes 
required for the specific heat of substances when compared in 
difFerent physical states^ and also for the weight of substance reduced 
to a vacuum. 

The following example is taken by way of illustration from 
a recent paper by Auwers, Roth, and Eisenlohr^ of the heat of 
combustion of sylvestrene C|oHi«. 

Orm. oals. 
5*6 mgrmi. iron wire oxidised (1 mgrm. • 8*9 osli.) Sl*4 

4*84 e.0. NftOH to neatralise HNO, (1 o.e. « 1«S eals.) 6*66 

Heat giTen out hj iron wire (1*9 lece., 1*86 volts 11-S amp.) 7'05 

84*10 
Less 0-8 mgrm. soot (1 mgrm. » 8*1 oals.) ^-I'S 

To be dedttoted 82-5 

Rise of temperature in calorimeter 1*6906* 

Less oorreotion for radiation during experiment 0'0086 

1'6840^ 

Water eqaiyalent 2628 x 1-6840 4164-8 

Less abore correction —82*6 

0*8887 grm. sabstanoe gave gram-oalories 4122-8 

4122*8x188 

0*8887x1000 - ^^^-^ mol..grm..oals. 

The maximum and minimum value in four experiments showed 
a variation of 0*6 per cent, and, with carefully conducted bomb ex* 
periments, it is rarely that the variation reaches 1 per cent. The 
trustworthiness of the method may be further illustrated by the 
results of three independent observers using different bomb calori- 
meters and working at different places. The substances taken were 
cane-sugar, benzoic acid, and naphthalene. The numbers are given 
in gmL-cals. at constant pressure.' 







Berthelot 


Fischer 


VftMAfl. 






and 


and 


vanacK 






Loogoinine. 


Wrede. 


per oen 


Cane-sugar 


8266*2 


8961*7 


89620 


0*24 


Benzoic acid 


8822*8 


6822*1 


6826*4 


0*06 


Naphthalene 


9628*8 


9696*1 


9667*8 


0*70 



It is interesting to compare these figures with those obtained by 
Stohmann for phenol in the three forms of iipparatus employed by 
him at different times. The numbers are in moL-grm.«cals. 

1 Aimalm, 1910, 878. 269. 

* As the heat of combustion in the bomb is determined at constant vdome, 
it is customary to give in addition the value at constant pressure. 
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MoL grm. Variation 
cals. per cent. 



L. Thomson calorimeter 722 

Berthelot's original calorimeter with 

oxygen at the ordinary pressure 725'8 

Berthelot's bomb calorimeter with 

compressed oxygen 782*5 < 



I'i 



The difiPerences in the results previously obtained by different 
observers show even greater discrepancies. 

It is clear, therefore, that the thermochemical data obtained before 
the introduction of the bomb must be accepted with caution. Those 
of Stohmann since 1889, of Berthelot and his collaborators, and of 
Louguinine since 1886 may be brought into harmony with more 
modem results by comparison with standard substances, the values 
for which have been established by Fischer and Wrede.^ Thomson's 
results cannot, however, be corrected in this way, and will require 
complete and careful revision. 

Seat of Formatioii. It is customary for some observers to give 
in addition to the heat of combustion a number termed heat cf 
formation. This is derived from the number calculated for the heat 
evolved when the elementary carbon and hydrogen of the compound 
in question are completely burnt, by deducting from it the heat 
of combustion in moL-grm.-caIs. The value for carbon presents 
a difficulty, because it is clear that solid carbon in the form of 
diamond or charcoal does not correspond to its condition in the 
organic substance. On the other hand, there is no assured means of 
ascertaining the heat of combustion of the carbon atom in its atomic 
condition. Berthelot and Stohmann use the thermal value for 
diamond, namely 94 cals., and for H, 69 cals., whereas Thomson 
determines the value for gaseous carbon as 88*88 from that of 
charcoal (96*96 cals.) on the assumption that gaseous carbon burning 
to 00 gives out the same amount of heat as CO burning to COg. The 
difference between the thermal value of C — ► CO and CO — ► CO, 
must be due to heat absorbed in converting charcoal into gaseous 
carbon. As probably neither method gives the true heat of forma- 
tion, and seeing that only differences in heats of combustion are 
required for structural determinations, we shall omit the former values. 

Taking into consideration the doubtful value of some of the data 
derived from the earlier experimental methods, we may nevertheless 
leani a good deal from the character and significance even of these 
results. They have been conveniently tabulated by Stohmann.' The 

s Z9iL pkynk. CSbsm^ 1890, 6. 884, and 1892, 10, 410. 
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820 PHYSICAL PBOPERTIES AND STRUCTURE 

heats of combustion are given in mol.-gnn.-caI& both at constant 
pressure and volume with a reference to the observer and the 
original paper. The few data which we reproduce represent 
moL-grm.-cals. at constant pressure, and the name of the observer 
is indicated by initials thus : T. » Thomson ; St «> Stohmann ; 
St* •« Stohmann (bomb values) ; L. » Louguinine ; A. B. » Auwers 
and Both ; F. W. » Fischer and Wrede. 



Isomeric compounds belonging to the same class have 
nearly the same heats of combustion. Small variations have how- 
ever been observed, as, for example, between isomeric primary, 
secondary, and tertiary alcohols, and especially among unsaturated 
compounds, according to the position of the double bond, which will 
be presently considered. It seems to be well established that the 
more labile of two isomers gives the higher heat of combustion, and 
it is not unlikely that a careful revision of some of the values will 
bring this phenomenon into greater prominence.^ 





Obs. 


MoLgrm. 
cals. 




Obs. 


MoLgrnu 
cala. 


Propyl alcohol 


L. 


480B 


Thymol 


St 


1868-7 


laopropyl aloohol 


.L. 


478*3 


Carvaorol 


II 


1864-8 


Gaproio aoid 


St 


8812 


Glucoee 


St* 


678-7 


IsobutyUoetio aoid 


St* 


887-6 


Fraetoae 


if 


676-9 


DiethylaoeUo acid 


if 


887*6 


Galactose 


II 


669-9 








Sorbinose 


)f 


668-6 


Eth jlmalonic aoid 


If 


617-9 








Dimethylmalonic acid 


tf 


616-8 


Cane-sugar 


II 


1862-7 


Olutaric acid 


ft 


616-0 


MiU-sugar 


fi 


1861-4 


Metliylsuocinic acid 


99 


616a 


Maltose 


II 


1860-7 


Propyl formate (rapour) 


T. 


646-6 


o-Toloic acid 


A.B. 


921-4 


Ethyl acetate „ 


if 


668-9 


mpTolaic acid 


II 


922-6 


Methyl propionate „ 


ly 


668-8 


Phenylaoetic acid 


-'i. 


980-9 








II 11 


F.W. 


988-4 


Ethylene chloride 


f> 


278 








Ethylidene chloride 


y> 


872 


Anthracene 


St* 


1694-8 








Phenanthrene 


yi 


1698-6 


Phenyl ethyl ether 


St 


1067-2 








m-Creeyl methyl ether 


» 


1067*8 









Positioii- aa4 Btereo*Isom«ni have also nearly identical heats 



of combustion : 

Position-Isomers. 


Obs. 


ortho. 


Mol. grm. cals. 
meta. 


para. 


Dihydrozybenzenes 
Hydrozybenzoio adds 
Tolnic acidfl 
PhthaUc adds 
Xylenes 


St* 

•1 
fi 

II 
II 


686-2 
729-6 
929-4 
771-6 
1084-8 


688-4 
7290 
9291 
768-8 
1084-8 


688-8 
726-9 
927-4 
770-9 
1084-8 



^ Brtthl, J, prakl. Chm., 1894, 40, 264. 
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POSITION- AND STEREOISOMERS 821 

The following geometrical isomers have, within experimental errori 
the same heats of combustion : 

Au. Mol. gnxL /M^- MoL grm* 

Oitraconio L. 477*6 cifl-Hezahydroierephthalio St* 928*6 

acid aoid 

Mesaoonie „ 478*8 Trana* „ „ ,, 029*5 

aoid 

There are other cases in which the more labile form gives a 
distinctly higher value : 

0^ MoLgrm. ^ MoLgm. 

Maleioaeid L. 881*8 Oleic aoid Stt 8669*8 

Fomario acid ,, 817*6 Elaidicaoid „ 8664*8 

Anselicacid St^ 686*1 AUooixuiamio aoid ,, 1047*6 

Tic^oaoid „ 626*6 Cinnamio acid ,, 1042*8 

There is an unaccountable discrepancy in the values of tartarie 
and racemio acids, which give 261*7 and 278*7 mol.-grm.-cals. 
respectively. 

Bomologoiui BeriM. A large number of homologous series have 
been examined by different observers^ and in most cases a nearly con- 
stant difference has been noted. The following table gives the mean 
value for OH, and the minima and maxima for each series as 
determined by Stohmann t ^ 

fl^«n-^ If A«n Value for CH, 

Senea. Mean. j^.^ ^^ ^ 

Aromatic Hydrocarbons 165*6 165*4—156*8 

Aloohola 1661 154*6—156*9 

Phenola 156*8 158*9—167*8 

Phenol ethers 155-9 155*7— 156*1 Mean - 156*8 

Fatty acidfl, soUd 156*6 165*0—157-6 

,, liquid 157*8 155*6—158*2 

Alkyimalonic acids 156*4 1540-156*5 

Thomson' from a similar series of eight different groups found 
the constant to be 168*5, and for another series of seven groups 
to be 167*1, or a mean of 167*8^ whilst Berthelot* from a short 
series of hydrocarbons obtained a mean of 167*6. Seeing that 
many of the values have been determined by the older and less 
exact methods, it is not improbable that a revision would show 
a closer correspondence. Becent determinations by Fischer and 
Wrede* point to 166 as being a close approximation to the true 
value, whilst the same observers assign to H„from observations 

« /. pruM. OtoM., 1886, 84, 826 ; 1887, 85, 28. 

• Tfrnmoek m it b ry, by J. Thomson, trana. by K. A. Burke, p. 891 et seq. 

• Am. CMm. Fky$., 1898 (6), 80, 658. 

« BUmMgibir. Berk JJcad^f 1904, 687 ; 1908» 129. 
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derived from a Tariety of different groups of oompoonda, a value 
varying from 414 to 61*9 oab. 

▼alne fbr Sydroxyl Osygen ((X). The value for hydroxyl 
oxygen has been determined by Sfcohmann^ from the differences 
between the thermal values of the aromatic hydrocarbons and acids, 
on the one hand, and their hydroxy derivatives on the other : 



MoL grm. 



Benzene (solid) 

Phenol 

D ihydroxybenxene 

Tribydroxybenzene 



777-B 
7888 
688-4 
6890 



460 
48*9 
44-4 



Benzoic aeid 
Hydroxybenxoie aeid 
Dihydrozybenzoio aoid 
Trihydroxybenzoic acid 



Mol. grm. 
calt. 
771-7 
728-1 
676-9 
688*9 



48-6 
61-8 
480 



This would give a mean of 46 ; but the value is not constant^ and 
is different for alcohols, ethers, and phenols, as the following series of 
isomeric substances shows : 



Phenylmethyl ether 


901*8 moL grm. cala. 




896*0 


CrMols (mean) 


8880 



There is a difference between the first and last of 19 eals., or more 
than 2 per cent, which cannot be ascribed to experimental enor. 
The heats of combustion of the organic acids have brought out the 
interesting fact that the replacement of hydrogen by carboxyl, or, in 
other words, the addition of CO) to a compound, has a very small 
effect on the value, generally causing a small decrease of energy.* 



-8-4 
-80 



-8*4 
+ 11 



-6-6 



Another interesting fact, brought out by the work of Berthelot 
and of Stohmann and Langbein,* is that, in the formation of ethers 
and esters, the elimination of water by the union of alcohol with 
alcohol, phenol, or acid is unaccompanied by any laige thermal 
effect, but is usually endothermic 

1 J. prakL Chim., 1886, 88, 467. 

> /. prakL Clum., 1889, 40, 888 ; 1890, 48, 868. 

• /. j^nkL Ck$m., 1889, 40, 841 ; Berthelot, Mkan^^ cJkimiffiM, voL i, p. 407. 





MoL grm. 


A 




MoLgrm. 




cala. 




cala. 


Formic aeid 


69*0 


+ 1-8 


Butane (calc.) 


679*6 


Oxalic aoid 


60*8 


Valerie acid 


677-8 








Propylmalonic acid 


676*8 


Acetic aeid 


806*7 


+ 0*6 






Halonie acid 


807*8 


Hexane 


991*8 








Etliylpropylaeetic aoid 


988*8 


Propionic acid 


8640 


•78 


Ethylpropylmalonic 


989*9 


Succinic acid 


866*8 




Butyric aeid 


680-4 


-6*4 


Benzene (solid) 


777*8 


Olutaric acid 


616-0 


Benzoic acid 


771*7 
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VALUE FOE HYDEOXTL OXYGEN 828 

MoL grnu MoL grm. 

cala. cals. 

Ozalio acid + 20H,0H 401*4 Ethyl alooholy 2 mols 651-4 

Methyl oxalate 402-1 Ethyl ether 651-6 

Mol. grm. 
oalB. 
Phenol +CH,OH 9081 

Phenylmethyl ether 905-6 

The loss of water in anhydride formation of certain amino acids is 
estimated by Fischer and Wrede at 4-8 to 9-8 cals. By comparing 
certain acids with their amino derivatives the same observers assign 
the value 24-4— 29*8 to the NHg group. 

Although Thomsen ^ has calculated the thermochemical constants 
for carbon and hydrogen and for different kinds of organic 
groups and linkages and obtained values which agree well among 
themselves, they cannot be accepted without revision for reasons 
already given. At the same time they furnish striking evidence of 
the existence of such constants and the value which may be ulti- 
mately derived from them. 

The Double Bond (|=^). By comparing a series of saturated and 
corresponding unsaturated compounds of different types Brtlhl^ 
found values which were anything but constant, varying from 80 
to 60 cals. decrease in the unsaturated compound. Swietoslawski' 
found that the thermal effect of the double and treble bond varies 
with the molecular widight of the compound and the nature of 
adjacent radicals and has no definite value. 

Oo^Jiigated Double Bonds. Stohmann and Langbein,* in com- 
paring the heats of combustion of isomeric phenyl allyl and phenyl 
propenyl derivatives, showed that the more labile propenyl compounds 

gave 0*&— 0*8 per c^it higher thermal values* 

Mol. grm* ^ 

cals. *^ 

Eugenole (H0)(GH,0)CeH, . CH, . OH : OH, 1286-9 ^ ^ 

Isoeugenole (H0)(CH,0)CeH, . CH : CH . CH, 12781 ^'^ 

Safrole H,c//)0,H, . CH, . CH : CH, 1244-7 

laowfrole H,C<^^Nc,H, . CH : OH . CH, 1284-6 

Apiole H,c/%C,H(OCH,),CH, . CH : CH, 1499-6 

Isoapiole H,o/^No,H(OCH,),CH : CH . CH, 1489-6 

1 loe. eit, p. 891. • /. prakt. a§m., 1894, 49, 268. 

• J. prakt. Chmn., 1892, 46, 680. 

« J. ruM$. phy$. chm, Qu., 1909, 40, 1267, 1692 ; SM. pk^. Om^.^ 1909, 06, 618. 

T 2 



10-2 



10-6 
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824 PHYSICAL PBOPEBTIES AND STBUCrTUBE 

The results seem to point to the effect of conjugation in the iso- 
compoundsy which maybe regarded as being in the more saturated or 
stable state, and therefore give out lees heat on combustion. 

Becently Auwers, Both^ and Eisenlohr^ have very carefuUy 
ascertained the heats of combustion produced by conjugation in 
a series of terpenes containing both conjugated and unconjugated 
linkages. Taking the mean of the following three compounds as the 
normal value for CiqHiq with two unconjugated linkages, 

Limonene 1467\ 

Dipentene 1462 1 mean • liti 

8ylT60tiene 148i| 

the following differences from the normal value were observed : 

Unoonjogated |=, A Gonjugaied |=| A Bridged |= A 

Limonene +8 o-Phellandiene —99 d-a-Finene -fS 

Dipentene —9 Canrenene —40 Camphene •1-7 

Sylreitrene a-Terpinene — SS Sabinene -i-ll 

The presence of the bridged ring produces a distinct though small 
thermal effect ; but conjugation asserts itself very prominently, 

OjtUc Oempoondfl. The formation of a dosed ring from an 
open-chain compound is attended by a gain of energy, if the loss of 
H, » 69 cals. be taken into account The following list of saturated 
open-chain and closed-chain dibasic acids will make this evident : 



Propane (vapour) 
Olttiaric aoia 

Adipioaoid 

Pimelic aoid 

Suberic add 

phthaiio aoid 

The gain in eneigy diminishes in the 6- and 6-carbon rings, a cir- 
cumstance which is readily explained by the strain theory (see p. Ill), 
according to which the 5- and 6-carbon rings produce least distortion 
of the bonds and therefore present the most stable arrangement. 

Btruotnre of Benaene. An attempt has been made to solve the 
* benzene problem' by the aid of thermochemistry, and the subject 
has already been briefly referred to (voL i, p. 468). On the assump- 
tion that the rupture of each double linkage produced the same 



>]». 


ICoLgrau 
cala. 




Oba. 


MoLgmu 
oaU. 


A 


T. 


6S9-i 


Oydopropane 


T. 


499*4 


80*0 


St. 


616*0 


Oydopropane 
dioarbozylioaoid 


8i. 


488*6 


81*4 


fy 


668*9 


Orolobatane 
dioarboxylioaeid 


If 


649*6 


96*4 












11 


898-0 


Oyolopentane 
dioarbozylioaoid 


If 


776*0 


62-9 


ti 


966*7 


Hezahydrotere- 


u 


9290 


64*7 



> UniMlm, 1»10, Via, 878 ; 1911, 88S. 
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thermal effect^ Stohmann iosiitaied a comparison between benzene 
and its derivatives and their reduction products, from which it will 
be seen that between parallel pairs the thermal di£ferenoes are the 
same, but not the same for each double bond in the same series. 
There is a 'jump * between benzene and the dihydro compound, the 
next two intervals are nearly equal, whilst there is again a slight 
increase between the tetndiydro and the saturated compound. 
Stohmann therefore drew the conclusion that benzene presents 
a structure which does not accord with the Eekuld formula. 



Mol. grm. 
cals. A 
Terephthalie add 770-0 



A'** Dihydro 
A*** Dihydro 
A>*» Dihydro 
A^ Tetrahydro 
ois-Hexahydro 
trana-Hezahydro 
Sttberio aoid 



886*1 

842 

845-8 

882-8 

928-6 

929-6 

988*7 

Mol. grm* 
oals. 






PhthaUoaeid 771-6 
A«-« Dihydro „ 8481 
A> Tetrahydro ,, 881*6 



66-2 

71-8 

6 

46*7 



46-2 
64-7 



71-6 
88-5 



Terephthalic methyl eater 
A^** Dihydro „ 



Mol. grm* 
cals* 
1112-7 
1181-8 



A^ Tetrahydro „ 1226-8 

trans-Hezahydro „ 1278*9 
Saberio methyl eater (ealo.) 1824-9 



Benzene 

Dihydrobenzene 

Tetrahydrobenzene 

Hezahydrobenzene 

Hezane 



68*6 



46*6 

471 
61*0 



Mol. grm« 
cals. A 
779-8 
848-0 
8920 
988*2 
991*2 



68*2 
44.0 
41.2 
68*0 



Although the agreement between the different series is fairly con- 
cordant and at first sight appears to confirm Stohmann's conclu- 
sion, there are a number of other facts which must be considered 
before the Eekuk formula can be abandoned on this ground.^ 

In the first place, we have seen that the value for the double bond 
varies enormously in different compounds and even in compounds 
which are so closely related as geometrical isomers (p. 821), or the 
three dihydroterephthalic acids in the above table. 

This variation is still more manifest in the relation between con- 
jugated and unconjugated double linkages. Conjugation, as we have 
already pointed out, means increased stability and consequently 
a relatively smaller heat of combustion. The most recent and 
accurate determinations' of the values of sorbic, hydrosorbic, and 
caproic acid show a difference between the first two of 48*6 cals., and 



1 The Bubjeot has been very ftilly and fairly diacosaed by Briihl (/. vnkk Cft^m., 
1894,49,260). 
• Fiaoher and Wrede, SUmmgabtr. Bed. Akad., 1904. 
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the last two of 42-6 eals. The concliuion is obvious that if there 
exists a difference between the highest and lowest value among 
isomeric dihydroteiephthalic acids of 9-7 cals., it is impossible to 
foretell the effect of the additional double bond in terephthalio 
acid except that it is almost certain to have a value very different 
from the mean of that which divides the di- and tetra-hydro acids. 



▲BSORFTION SPECTBA AND STRUCTUBE 

AbscvpiiOB of Light. The phenomenon of colour is associated 
with selective absorption, that i% with the absorption of certain light 
rays and the transmission or reflection of others. This is best observed 
in solution by allowing a beam of ordinary light to enter a liquid in 
which the coloured substance is dissolved, and then examining the 
spectrum affcer the light has passed through a prism. Certain dark 
bands in the spectrum, where absorption has occurred, will make 
their appearance. But absorption is not confined to the visible 
spectrum. There is an infra-red region, of long wave length, which 
is characterised by its heating effect, and an ultra-violet region, of 
short wave length, productive of chemical activity, where absorption 
may occur. Glass and water are transparent to visible light, but 
the former absorbs ultra-violet light and the latter infra-red light. 
In addition to the region of the ultra-violet, infra-red, and visible 
spectrum, absorption of both shorter (ROntgen) waves and longer 
(heat and electrical) waves has been observed. The following scheme 
gives the nature of the rays and range of wave lengths (X) in different 
parts of the spectrum : 

RCntgen. Ultn-violet. Viuble region. Infra-red. Heat rays. 
X 'Ol-lfifft 100-400 AVI iOO-SOO fi/i BOO/AfA^l/i 1 fi-lO // 

Eleeirical wares. 
Short. Long. 

X 1 mm.- 10 mm. 1 cm.-1000 km. 

1 fi/i - -000001 mm. 
1 ^ . .001 mm. 

The portion of the spectra which at the present time has a special 
significance in relation to chemical constitution is the region which 
includes the ultra-violet, visible^ and infra-red. Absorption in the 
first two may be detected by photography, and in the last by the 
heating of an electrical resistance in an instrument known as 
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Langle/s bolometer. According to Drude and others, it is probable 
that selective absorption in the visible and ultra-violet region is 
determined by the period of free vibration of the electron, caused 
by the electro-magnetic energy of the incident beam— in other words, 
by a process similar to thai of * resonance * in sound. As the number 
of these electrons was found to correspond roughly with the number 
of valency electrons present in the molecule, it follows that the 
latter must be concerned in the process of selective absorption (see 
p. 842). It is important to bear this in mind in view of the constant 
association of colour with unsaturation. Seeing that the period of 
vibration of the electron can be determined by spectroscopic investi- 
gation, it seems natural to conclude that observations of this character 
should eventually throw some light on the structure of the atom 
as well as on the whole structure of the system emitting these 
vibrations, that is, on the constitution of the molecule. 

Drude has further shown that the particles which absorb in the 
infra-red must have a change of opposite sign to the valency electrons, 
and possess a much larger mass ; they are probably identical with 
the atoms. 

Little is known as yet of the relation of the infra-red absorption 
to structure. The effect is apparently additive, and so far as it has 
been studied, the lines or bands, which are developed, can be traced 
to certain atoms or atomic groups. We shall therefore confine our 
attention to the results of observation on the absorption in the 
visible and ultra-violet region. 

From what has been stated it will be inferred that absorption in 
the ultra-violet is not intrinsically different in its origin from that 
in the visible region, and the name 'invisible colour' has not 
inappropriately been assigned to selective absorption of these rays. 

Szperimental Xethod. Before discussing the structural causes 
and effects of visible and ultra-violet absorption, a brief outline will 
be given of the experimental method of investigation. The method 
in its essential features has been developed by Sir N. Hartley,^ who, 
in conjunction with his collaborators, has carried out a series of 
investigations extending over many years. It consists in causing 
a beam of ordinary light, or one rich in ultra-violet rays (obtained 
with an arc from metallic electrodes), to pass through a solution of 
the substance and then through a [^>ectrograph, provided in the case 
of ultra-violet absorption with quartz lenses and prism and a camera 

1 Hartley and Huntington, PhO. SVaiw., 1870, 170, 267. 
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coniaining a photographic plate. The spectrum when photographed 
reyeala the poeition of the abeorptioii bands. The arrangement of the 
apparatus will be readily understood from Figs. 14 and 15. 

Fig. 14 is a diagrammatic illustration, in which a represents 
the metallic electrodes, b the absorption-cell containing the liquid, 




Fie. 14. 

c the collimator tube, d the quarts prism, e the back of the camera 
with photographic plate, /the slit, and g, g quartz lensea 
Fig. 16 is a photograph of a general view of the apparatua 
The spectrum of ultra-violet light from metallic electrodes consists 
of innumerable lines distributed over the ultra-violet region, and the 




Fie. 16. 

absence of these lines, produced by the absorbing medium, may be 
readily detected. The photographs, Figs. 19 and 20, facing p. 834, show, 
at the top, the spectrum of the metallic lines, and below, the absorp- 
tion bands produced by various strengths of solutions of cotamine 
and its derivatives in different solvents. 
A solvent is selected which is, as far as possible, diactinic, and 
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usually water, methyl and ethyl alcohol are employed for the 
purpose. A series of photographs are then taken on the same plate 
of different dilutions or of different thicknesses of liquid layer. 
We may suppose^ for esuimpley that the absorption of a normal 
solution of a layer 10 mm. thick is first determined, and the thi c kness 
reduced to 9, 8, ... 1 mm. A tenth-normal solution is then taken 
of 10 mm. thickness, which is equal to a normal solution of 1 mm.,^ and 




F». 16. 

in the same way thicknesses of 9, 8 ... 1 mm. recorded. The latter 
may be again diluted and examined in different thicknesses and so 
a continuous series of spectra obtained, until a dilution is reached 
where no absorption occurs. This mode of recording results was 
introduced by Hartley, the oscillation frequencies (i. e. the reciprocals 
of the wave lengths) being plotted as abscissae against the concen- 
trations as ordinates. The oscillation frequencies ( 1/X) for the infra-red, 
visible, and ultra-violet regions are usually given in four figures, and 
are roughly represented as follows : 



Inixa-red. 
•^ 1000-1390 



Viaible. 
1890-2640 



Ultra-violet 
S64O-5000 



Instead of preparing different strengths of solution, Baly and 
Desch' use an adjustable tube, furnished with quartz plates, for 
ultra-violet absorption. Fig. 16. 

The liquid is introduced through the bulb b surmounting the 

1 Aooording to Bm^u law the^tensity of colour in a solution is proportional to its 
conoentration, that is, a laydr of a certain concentration is equal to one of double 
the thickness and one-half the concentration. The law, it should be added, is not 
without its exceptions, which have been accounted for bj ionisation, hydrolysis, 
association, union with the solvent, or some change of structure of the solute. 
The solvent also has its specific action, and according to KuaMt rvU, the greater 
its index of refraction, the more the absorption bands are shifted towaKis the 
red. This rule is also not free from exceptions. 

• IVoiis. CHm. Sec, 1904, 86, 1029. 
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tube A, and the thicknees of the liquid layer may be increased or 
diminiahed by pushing in or withdrawing the inner movable tube c, 
which is attached by the rubber band n. Also, instead of recording 
difierences produced by cutting off equal layers of solution, it is 
now customary to calculate and plot the logari&ms of the thickneesesi 
or, more frequently, to etch on the outer tube divisions corresponding 
to the logarithms of the thicknesses.^ Thus^ each thickness is the 
same multiple of the previous one, and successive exposures 
represent exactly equal proportionate increments or decrements of 
concentration. 

The curves Fig. 21, is plotted from the photographs. Figs. 19, 20 
(p. 884)^ on the above principle. The curve follows the contour of 
the series of absorption bands. It will be seen that the thickest layer 
produces the broadest band. As the layer becomes thinner, the band 
may become narrower or break up into two or more bands, which 
finally disappear when the column of liquid is reduced below a certain 
thickness. The lowest point of the curve is called the head, and the 
length through which it extends, its persisUnce* The latter feature 
is of considerable importance in relation to the structure of the 
molecule. 

Absorption spectra among organic compounds may be divided 
broadly into two types, namely, those in which there is general absorp- 
tion, that is, uniform absorption over a certain region of the spectrum, 
and those in which it is selective or banded. In the visible spectrum 
selective absorption is accompanied by the appearance of colour. 
The substances producing ultra-violet absorption are colourless, and 
have been divided by Hartley into three classes : those which produce 
general absorption, but which on dilution with inert solvents 
become readily transparent to the rays (aliphatic hydrocarbons)— in 
this class, substitution of hydrogen by OH, GOgH, OCH3, and NHj 
groups has little effect on the character of the absorption, and only 
affects its intensity; secondly, those which absorb more strongly 
than the above and which are less influenced by dilution (cyclic 
compounds, furfurane, thiophene, pyrrole, piperidine, hydroaromatic 
compounds, &c) ; and finally, those which exhibit a banded spec- 
trum (benzene, naphthalene, pyridine, and their derivatives, and 
certain aliphatic ketones). 

It is only by a banded spectrum and by the number, position, 
and persistence of the bands that a substance can be characterised. 
As yet no direct connection has been established between the struc- 
ture of a compound and its absorption spectrum* It is impossible 
1 Lowry and Desoh, Trans. Chem, £foe., 1909, 06, 823. 
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to state a priori the kind of absorption which a particular type of 
compound will produce. All that can be definitely stated is that 
among the lower members of a homologous series increase in mole- 
cular weight is frequently accompanied by a shifting towards the 
red end of the spectrum ; but the effect dies out among substances 
of high molecular weight 

Application of Absorption to Stmcture. The only method 
which is available for determining structure is one of comparison or 
analogy, based on the assumption that compounds of similar structure 
exhibit absorption curves of similar shape. 

It is in this direction that the work of Hartley, Dobbie, Lauder, 
Baly, and others has proved so valuable, and for this purpose it is 
immaterial whether the effect is confined to the visible or ultra- 
violet region of the spectrum. The method has been applied with 
great success in deciding between alternative formulae, especially 
among tautomeric compounds^ to which a brief reference was made 
in vol. i, p. 



The Btmotnre of Zsatin. We will consider a few examples by 
way of illustration.^ One of the most interesting is that of isatin, 
which forms two isomeric ethyl derivatives, one derived from the 
lactam, the other from the lactim structure. Baeyer regarded the 
free compound as representing the lactim formula (voL i, p. 178), 

CO CO 

CeH,<^ . OH CeH,<f)0O 

Isatin (Lactim). Psendoisatin (Lactam). 

Formulae for Isatin. 

which agreed with the observation of Schunck and Uarchlewski, 
that the substance yielded only one monoxime and one phenylhydr^ 
azone. Ooldschmidt, on the other hand, found that isatin gave, with 
phenylcarbimide, a carbanilido derivative and not a carbamate, thereby 
indicating the lactam structure : 

CO CO 

. OCO . NHCaHj CaH^/NcO 

N.CO.NHOaHg 

Isatin carbamate Carbanilido isatin 

(Lactim). (Lactam). 

On comparing the absorption curves of the two isomeric methyl 
1 See Hartley and Bobbie, Tram., 1900, 77, 498. 
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deriTfttiyes with that of free intin (Fig. 17), the close reaemblAnoe of 
the latter with the ^-methyl ether established the structure definitely 
in fiaTour of the pseudoisatin or lactam formula.^ 

The same method was employed in the case of carbostyril, by 
comparing it with the two methyl ethersi and the result was also in 
farour of the lactam formula : 



yOH=CH 

• ^SW=i(OH) 
OtfbMtyril (Laetim). 



yOH=CH 

PMadocarbostyxil (Lactam). 



Oicillatftoa rnwinDclM 



?.f.?.?.?,!.f.?.?.?.?.f?.?.?.?J.?.?.?.?'f,?.f.^.?.f.?.?.?.f 




KttkylyMadoiiatia* 



KttkyUMtia. 



Fio. 17. 



The curves of the two ethers and that of carbostyril are given in 
Fig. 18. 

Ley and Ulrich* have also shown that it is possible to distinguish 
between an ortho-amino acid with an open or dosed chain (betalne) 
structure by means of the absorption curves. For example^ the 
methyl ester of dimethylanthranilic acid has a different absorption 
curve from that of the isomeric betalne. 



C.H< 



Mca^ 



N{CHA 



*\»OCH, 
Dimathylanthnnilio Mtw. 



'^ 



C.H4< 

a-Benzbetalne. 



1 Hartley and Dobbie, Tram. Chm. Soa^y 1899, TV, 640. • B^r., 1909, 43, 8440. 
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Btrnet ure of the Alkaloids.^ A reversible isomeric change similar 
to that of isatin and paeudoisatin is seen in the ammonium and 
pseudo-ammonium bases, which were discussed in yoL i, p. 197, where 
reference was made to the case of phenylacridinium methyl chloride 
and its conversion into phenyhnethylacridol. 

CgHg OgHg ^6^6 

i I I 

C 0(0H) 

CaH4<(j)>CeH, ;S^ CeH,<T>CeH4 1^ O^R^yj^IL, 

Orif 01 Crif OH OHa 

Phenjlaoridinium Phenjlmethyl- PhenylmethyK 

methyl chloride. acridol aoridol 

(true ammoninm (psendo-ammonium 

base), baae). 

Dobbie, Lauder, and Tinkler' have found that cotamine (vol. i, 



^!?y?????1??r??????^?????7??f 




MetbylcarbiMtjrU. 



Otfboiljftt. 
Fitt. 18. 



MM^lpwodoearboityra. 



p. 692) undergoes a precisely similar change, which may be followed 
in the same way by plotting its absorption curves. Whereas solutions 
of cotamine in ether and chloroform are, like the solid base, colourless, 

1 BrUUh JiMtoe. Stport, 1908, p. 126. 

* ZVotw. dim. Soe., 1908, 88, 698 ; 1904, 86, 181. 
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its aolutioiis in water or alcohol are yellow. The speetia of the eolour- 
leM ■olutiona agree with those of hydrocotamine and cotamine 
cyanide. The yeUow eolations, howeyer, giye an abeorption spectrum 
identical with that of the hydrochloride^ but quite diflferent from 
that given by the colourless solutions in ether and chloroform. 
Photographs of the spectra of cotamine and its hydrochloride in 
water are shown in Fig. 19 (a and 5), and of cotamine and hydro- 
cotamine in ether in Fig. 20 (a and b). 
The curves are traced out in Fig. 21. 

OteUUtioB fnqnuaicim. 



S oteiiUtioB mqnuaiam, g 

7TTTT . TTiT77T77r77TT7777T 




Till Usf Cwt.»CoUnlM>iB Btk« m4 «|4mfttnU« ii WOn. 
Dvtti4 liiit Owft* OotaniM It Wfttir aM OoUniM Bj4iMMorldt. 
Fie. 21. 

In order to explain the existence of the two kinds of spectra, to 
one or other of which all the cotamine compounds conform, the 
following formulae of Decker have been adopted : 

<H=NCH, . OH yCH(OH) . NOH, 



-CHj 
Yellow ammonittm base. 



Colourleae peeudo- 
axnmoniom baae. 



In other words, the change is a reversible one, corresponding with 
that of phenylmethylacridinium hydroxide to phenylmethylaoridol. 
Hydrocotamine, the cyanide, and the solutions in ether and chloro- 
form will be saturated and colourless, 
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Fio. 19 (a). Cotarnine (in water). 



Pio. 19 (6). Cotarnine hydrochloride. 





Fio. 20 (a). Cotarnine (in ether). 



Fig. 20 (6). Hydrocotarnine. 



To fact p. 334 
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..Ah. ^^••'■C—iH. . 

Hjdrocotarnine. Cyanoootamine. 

whereaa the aqueous Bolutions and the salts will be unsaturated 
and coloured. 

Cotamine chloride. 

It follows naturally that alkalis convert the yellow salt into the 
colourless base and that acids produce the reverse reaction, and these 
changes can be observed by the accompanying modification of the 
absorption spectra. 

Hydrastine (vol. i, p. 594) has been investigated in the same way. 
Like cotarnine it is colourless, giving colourless solutions in anhy- 
drous alcohol, ether, and chloroform, but changing to yellow in water. 
The absorption spectra of the colourless and coloured solutions are 
di£Ferent, the former resembling hydrohydrastinine and the latter the 
salts of hydrastinine and its solutions in water. The formulae are 
consequently represented as follows : 

yOH(OH) . NOHs yCH=NCH8 . OH 

Colourless oarbinol Yellow ammonium base 

in ether and chloroform. and salts in water. 

yOHa.N.CHs 

C,HA<C„ I 

Hydrohydrastinine. 

A knowledge of the complete structure of some of these alkaloids 
has demonstrated the utility and trustworthiness of the method. 

Stereoisomeric alkaloids have been shown to give the same spectra. 
Illustrations of this are afforded by d- and (l^corydaline, narcotine, 
and gnoscopine.* The spectra of quinidine and cinchonidine are 
identical with those of quinine and cinchonine^ and are probably 
stereoisomeric. Active canadine and inactive tetrahydroberberine 
were found to have the same spectra. Subsequently Oadamer' 
resolved the latter into its components, one of which was identical 
with canadine. 

Homologous alkaloids also give identical spectra, and the same is 
true when hydrogen is replaced by a methozyl group. The fact that 

1 Tram, Cfum. Sm., 1900, 77, 498,609. . > Arch. Hutm., 1901, 280, 64& 
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Uudanine and laudanosine have the same speetnim, which is also 
flimflar to that of tetrahydropapaveHne, shows that they are homo- 
logues and aUied to the latter subetanoe. Since these observations 
were made, laudanosine has been obtained synthetically and proved to 
be N' methyltetrahydropapaYerine or the methyl ether of laudanina^ 
The presence or absence of small groups seems to have little effect 
on the absorption spectrum. The oxidation of an unsaturated side- 
chain to carbozyl also produces little modification, but the reduction 
of a ring causes fundamental changes.* Though paparerine and tetra- 



8 C w lllrtt i t ffm a wd M. 8 

.TTTTi7TT . TT,TTTT i 77TT 




J 



k 



FI0.S2. 

hydroberberine are isomeric, the difference in spectra is a proof of 
a difference of structure.' It may be laid down as a general rule that 
those alkaloids which agree closely in structure giro similar absorp- 
tion curreSy while those which differ in essential features give 
dissimilar curves. 

1 BiT.y 1909, 48, 1979. 

s 2Www.6k«m.Soc, 1886,47.691; 1900, 77» 844. 

* Dobbie and Ijtiider, IVont. Ch§m. SO0., 1908, 88, 696. 
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Xeto-Snol Tautomarism. Hartley, Dobbie, and Lauder ^ were 
able to prove that phloroglucinol (which sometimes functions as a 
ketone and at other times as a phenol) had a true phenolic structure 
in the fi*ee state, by comparing its absorption curve with that of its 
methyl ether. It will be seen from these curves (Fig. 22) that the 
two bear a close resemblance, and seeing that the methyl ether can 
only represent the phenolic structure, that of the free compound 
must have the same. 

In the same way. Hartley and Dobbie found that the two dynamic 




Fio. 28. Dibenzoyknethane. 
isomers, dibenzoylmethane and tx-hydrozybenzalacetophenone, could 
be readily dififerentiated. 

CeH^.CO.CHa.CO.CeHg CeHgCKOH) : CH . CO . CeHa 

Dibenzoylmethane. a-Hydroxjbenzalacetophenone. 

They both exhibit two well-defined absorption bands, which, how- 
ever, dififer in position and persistence (Fig. 28). 

In examining the ultra-violet absorption spectra of aoetylacetone 
and certain metallic derivatives in alcoholic solution, Baly and Desch ' 
found that all the substances show absorption bands (Fig. 25). 

1 Trans. Omn. Soc, 1902, 81, 929. > Tran$, Chmn. Soc, 190i, 85, 1029. 
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They are therefore closely allied in structure, and are probably 
enolic. In the case of ethyl acetoaoetate, which is mainly ketonic 
(see p. 295), there is no band, whereas its metallic deriyatiyes show a 
strongly banded absorption, almost identical with that of aoetyl- 
acetone. Moreover, the addition of caustic soda develops a banded 
spectrum, the persistence of which increases with the addition of the 
alkali until it reaches a maximum (Fig. 24). 

The authors originally suggested that the appearance of a banded 
spectrum was determined by a vibrational disturbance in the valency 
electrons produced by the process of dynamic change. A similar view 
was applied to the 1 . 2 diketones, the quinones, and certain other 
aromatic compounds which likewise show a banded spectrunL As 
tautomeric change is precluded in certain of these compounds, the 
vibrational disturbance was attributed to the recurrent making and 
breaking of linkages, termed i9Qrr(>pe^(i(roppo9rMi-> equipoise). Thus, 
in the quinones the following changes were assumed to recur : 





There are many facts which render this theory improbable. 
Willst&tter * found that o-benzoquinone exists in both a colourless 
and a red modification. Supposing the two isomers to represent 
the pure quinone and peroxide forms, neither compound should 
exhibit absorption bands. Moreover, dynamic isomerism is not 
necessarily accompanied by the presence of absorption bands. 

Djnamio Zsomarimi and Abaovptioii. The relation between 
dynamic isomerism and selective absorption has been very carefully 
studied by Lowry and Desch,' who were able to trace the extent to 
which isomeric change determines the existence of a banded spectrum. 

Nitrocamphor and bromonitrocamphor are known to exist in 
two isomeric forms, which, under certain conditions, pass into one 
another, forming an equilibrium mixture. The change^ which can 
be accurately followed in the polarimeter by noting the change in 
rotation, is termed mutarotation, and has already been discussed 
(voL i, p. 199). 

t B»., 1908, 41, 2680. 

* Ttm». Otom. Soc, 1909, 06, 807, 1840 ; 1910, 07, 900. 

z2 

Digitized by VjOOQK 



840 PHYSICAL PBOPEBTIES AND STRUCTURE 

Lowiy has shown that by altering the aolyent it ispoaaUe to vaiy 
at will the period of change, to aooelerate or retard it» or to siop it 
altogether. He conoludee from hie obsenrationa that 4n spite of 
the wide range of Yelodties, no great alteration was seen in the form 
of the absorption eurve. Eaeh speetrom showed a 'step out ', but no 
band. ... It is dear then that the isomeric change of nitrocamphor, 
even although it inyolres actual transference of a mobile hydrogen 
atom and takes pkce with high velocity in both directions, can pro- 
ceed incessantly without production of a band.' On addition of alkali 
(NaOC^Hs) a deep band was deyeloped, but according to polarimetric 
obsenrations the compound was purely enolic, and no intensification 
of the band could be detected on addition of a further quantity of alkalL 

Precisely similar results were obtained with bromonitrocamphor. 
Thus, no special feature was observed in the spectra of the pseudo 
compounds to distinguish them from the normal modifications, 
until alkali was added, when the same band was developed in both 
modifications. This result was expressed as follows : 



yCHNO, X}/\ >C:N.ONa 

KormAl niirocamphor. PMudo nitrooamphor. Sodium aalt. 

In the case of o-bromocamphor, which rapidly enolises on the 
addition of a trace of alkali, but not in neutral solution, no change is 
produced in the absorption band. Again, a definite band may be 
produced in a compound from which all possibility of isomeric 
change is removed, as in «»- and ot-bromomethyl camphor. 
yCH.CHjBr yCBr.CH, 

w-Bromomethyl o^BromoiiMthyl 

osmphor. oampbor. 

Thus, reversible isomeric changes cause no selective absorption, 
and in the simpler camphor derivatives the band is produced with 
equal facility, whether the substance is undergoing isomeric change 
or not. 

There appear, from what has been stated, to be two kinds of 
absorption bands, namely, those produced by the addition of alkali 
and not by the parent substance, and which must therefore be due 
to a definite structure, and those which are developed indifferently 
in a neutral or alkaline solution. For the latter no complete 
explanation is forthcoming, and the authors suggest that it may be 
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caused by reBidual afSnity of certain unBaturated atoms or groups^ 
Buoh as have been shown to give rise to exaltation of refractivity 
(p. 284) and magnetic rotation (p. 809).^ 

Hantzsch' has arrived at much the same conclusions in regard to 
acetoacetic ester and its deriyatives ; that inasmuch as the pure keto 
and enol forms exhibit general absorptioni though of varying inten- 
sity, whereas the alkaline solutions show a banded spectrum, the latter 
must be regarded as possessing a different structure from the other two. 

This difference of structure between the enol form and its metallic 

derivatives is attributed to the residual valency of the metal (He) and 

is represented thus : 

CH3.C.OH GHs.C.OMe 

II II :• 

HC.CO.OR HO. CO. OR 

Baly^s Theory of Absorption. Baly' has replaced the theory 
of isorropesis by one of a more comprehensive character. Like 
Lowry and others, he bases his view on the existence of residual 
affinity. In a molecule the residual affinities of the separate atoms 
will tend to neutralise one another with a certain loss of energy ; 
but the whole of the free affinity will not necessarily disappear, and 
what remains forms the residual affinity of the molecule, and lends 
to it its basic or acid character. 

This breaking down of the neutralised free affinities of the atoms, 
or, as the author expresses it, ^ the unlocking of the condensed lines 
of force emanating from the secondary valency electrons,' may give 
rise to a variety of effects. The unlocking process may be brought 
about by adding energy to the system in the form of heat or light. 
Among the effects produced are, in the first place, selective absorption 
or the absorption of those rays which correspond to the disposition 
of the electrons in the system upon which the light falls. Where 
no such absorption occurs, it is assumed that the closed system 
remains intact. The effect of the solvent, which may produce selective 
absorption where the pure substance fails to do so, is determined by 
the residual affinity of the solvent, which can in the same way unlock 
the closed system. The solution can now absorb light, and conse* 
quently exhibits a banded spectrum. This union of solvent and 
solute (solvate) may explain the deviations from Beer's law and the 
existence of Eundt's rule.' The combination may be regarded as the 

> Lowrv and Southgate, Tram. Ch«m. 800,^ 1910, 07, 899, 918. 

* £«r., 1910, 48, 8049; 1911, 44, 1771 ; see eIbo Stewart, 2Ytiiis. Own. 3oc,, 
1918, 108, 406. 

* Tram. OiMn. Soc, 1912, 101, 1469 ; Ztit, /. JSleMrock9mUf 1911, 17, 811. 
' See footnote, p. 829. 
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initial stage in a true chemical union. If this union is sufficiently 
aetive it will pass to a second stage ; a re-arrangement of electrons will 
take place, and a chemical reaction occur. 

For example, some organic compounds which exhibit certain bands 
in alcohol solution, combine on warming with sulphuric acid, forming a 
sulphonic add. It has been shown that the position of the bands is 
shifted on dissolying the substance in sulphuric acid, and is again 
displaced after combination with the acid has occurred.^ 

Btark'a Theory of Abaorption.' Stark recognizes three kinds of 
valency electrons : unsaturated, saturated, and loosened (getocktrf)* The 
unsaturated electron is confined to its own atom and is present in 
monatomic gases. The lines of force which emanate from the saturated 
electron are attached to other atoms ; they are present in the molecules 
of elements and compounda The loose electron is not attached to 
another atom, but may be displaced under the influence of neighbour- 
ing electrons, as for example in ionisation. All the three varieties 
can be separated from compounds by adding energy ; decomposition 
accompanies the removal of the saturated electron, but not that of 
the unsaturated or loosened electron. The valency electrons are the 
centres of emission and absorption spectra. By the partial separation 
of a valency electron from its positive atom and re-attachment, 
electro-magnetic waves are emitted, kinetic enei^ of the electrons 
being converted into electro-magnetic energy. The band spectrum 
of the unsaturated valency electrons lies in the ultra-violet region, 
that of the saturated electrons in the extreme ultra-violet region. If 
the saturated electron vibrates with its atom, absorption in the 
infra-red occurs. The absorption by the loosened electrons probably 
lies in the visible and ultra-violet (the rays have a wave length less 
than 700 /i/i). Chemical change, such as substitution, creates an 
increased loosening of the electron and consequent shifting of the 
absorption towards the red. Loosened electrons are present in carbon 
atoms of compounds with an aromatic nucleus (benzene, naphthalene, 
&c.), and also in carbon and oxyg&i (diketones, quinones) as well as 
in nitrogen (azobenzene and its derivatives). The chromophores, 
which will be presently referred to, contain these loosened electrons 
and are regarded by Stark as the centres of light absorption. 

Nitro, azo and nitroso groups each contain a pair of such electrons, 
which may be regarded as synonymous with residual valency of these 
groups. The saturation of these electrons destroys selective absorption 

1 Baly and Rice, Tratu. Chem. 8oe., 1912, 101, 1475. 

> 2H$ Prirmipien der Atomdifnamikf Part II, J. Stark. Hiizel, Leipzig, 1911. 
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in the yifiible and ultra-violet region, and the souroe of colour 
disappears. 

Absorptioii Bpaotra of the Bimpler Aromatic Compoiiiids. With 
the exception of a few aliphatic compounds^ such as the groups of 
diketones already referred to, and certain nitro and nitroso com- 
pounds, the great bulk of compounds, which giye a banded spectrum 
either in the yisible or ultra-violet region, belong to the aromatic 
series. 

A general feature of the absorption 
spectra of benzene derivatives is the 
remarkable change in the character of 
the spectrum produced by the introduc- 
tion of even the simplest substituent.' 
Benzene dissolved in alcohol exhibits 
six or seven narrow bands lying within 
the oscillation frequencies of 8600-4400, 
as shown in Fig. 26. 

The introduction of alkyl groups 
causes merely a fusion of these bands. 
In toluene and the other monalkyl deri- 
vatives three of the bands are merged 
into one, and in o- and nt-xylene only 
one band is left, whilst the para com- 
pound retains two.' It is an interesting 
fact that among the di-derivatives of 
benzene the para compounds usually 
retain more of the benzene bands, or, if 
the number is the same, the bands 
exhibit greater persistence than those 
of the other two isomers.' A similar 
fusion of bands is produced by the 
halogen derivatives, the persistence and 
shifting towards the red being increased with increase in atomic 
weight of the halogen, whilst the number of bands decreases 
from fluorine to iodine, the latter showing continuous absorption. 
It appears that the presence of unsaturated groups, or, in other 
words, residual affinity, plays an important r6le in modifying or 
obscuring the absorption bands of the nucleus, and shifting it 

^ Hartley and Dobbie, Tram. Ch$m. Soe., 1898, 78, 696 ; Baly and CoUie, Tram. 
Otem. 8oe.f 1905, 87, 1841. 
* Hartley, Tram. Ckm. Soc, 1885, 47, 685. 
s Baly and Bwbank, Ttam. Chm.^,, 1905, 87, 1866. 




Fig, 86. Benzene. 
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towmrdfl the red. UoBaturated aide-chame eauee a ahifting towards 
the red and obliteration of the benxene banda Styrene ezhibita a 
broad band and stilbene general absorption. 

An interesting case is that of amino compounds such as aniline, in 
which nitrogen is tenralent. The bands of benzene are here fused 
into one and shifted towards the red (8200-8800). When the 
nitrogen is saturated by conversion of the base into the hydrochloride 
some of the benzene bands reappear in their original positions.^ 
Acetylation of the amino group has a similar effect in shifting the 
band towards the region of shorter wave length. 

The spectrum of phenol in alcohol consists of a broad and deep 
band (8600-8800), which in its ethers divides into two. Conversion 
into the sodium salt causes the band to shift considerably towards 
the red (8400), whereas the spectrum of the phenol ethers is unaffected 
by the addition of alkali. Salt formation in the case of phenol has, 
therefore, the reverse effect of that of aniline when converted into 
the hydrochlorida On the other hand, the band which |)-aminophenol 
shows at 8250 is shifted towards the ultra-violet (8600) on addition of 
acid, and behaves like aniline. The curve for phloroglucinol is shown 
in Fig. 22, p. 886. 

Benzyl alcohol and its ethyl ether show a broad and shallow band 
at about 8600. 

The introduction of nitro-groups generally produces a fusion of 
the benzene bands. Nitrobenzene shows strong general absorption 
and an undeveloped band at about 4000. Methyl groups develop in 
nitro compounds a distinct band slightly shifted towards the red 
whilst the substitution of nuclear hydrogen by hydrozyl and amino 
groups brings about the appearance of well-developed bands strongly 
displaced towards the red. The bands of m- and i)-nitraniline have 
their heads at about 2600-2800 ; that of j>-nitrophenol in water or 
alcohol at about 8200. In the latter case the addition of alkali 
produces a marked displacement towards the red with the head at 
2400-2600, and, in this respect^ its behaviour resembles that of phenoL 
Both the nitranilines and nitrophenols have a yellow or orange 
colour when in the free state or in the form of salts. They will be 
referred to again when the question of the structure of coloured 
compounds is discussed (p. 856). 

Benzoic acid shows a fusion of the benzene bands and displacement 
towards the red.* Salt formation produces a slight shifting back 
towards the' ultra-violet This is the reverse of the effect produced 

1 Baly and Collie, Trans. Oum. Soc, 1906, 87, 1S8& 
s Hartley and Huntington, JPhU. Trans., 1879, 170, 267. 
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with phenol, so that when the hydrozybenzoic acids are treated with 
alkali, sufficient to form the benzoate^ displacement towards the ultra- 
Tiolet is first produced, and is followed, when the hydrogen of the 
hydroxy 1 group is substituted, by a shifting towards the red. 

Like unsaturated hydrocarbons, the presence in acids of an 
unsaturated side-chain, as for example in cinnamic acid, causes 
displacement towards the red and the appearance of a broad band. 
On reduction to hydrocinnamic acid three of the benzene bands 
reappear. 

Benzaldehyde produces a shallow band at 8500, and benzonitrile 
two bands in a position slightly nearer to the red, whilst aoetophenone 
produces weak general absorption* 

Thus^ the general effect of substitution, especially of groups pos- 
sessing residual affinity, is to develop colour by shifting the absorption 
towards the yisible region of the spectrum (p. 841). The order of the 
different groups, beginning with those causing least displacement, 
would be roughly as follows : 

CH,. ON. COOH. OH. ONa. NHj. NOj 

The reverse process is caused by salt formation in the case of 
amino compounds and carboxylic acids. 

Rbfbbshox. 

Hatidbuch d§r Sp^ttroBoopiey vol. iii, by H. Kayser. Hirzel, Leipzig. 



Digitized by 



Google 



CHAPTER V 

COLOUB AND STBUOnTBE 

Tai Uurgs number of bnghUy eoloured organic eomponndfl whkh 
have been disooTered in recent years has naturaUy led chemists to 
qpeeulale on the cause of colour, and to look for some general 
structural characteristics of these coloured substances which might 
determine their property of sdeetiTe absorption. 

The earlier theories translated colour into terms of structure without 
much regard to the physical cause which produces selectiye absorp- 
tion in the yisible spectrum. It is only within the last few years 
that the spectrograph has come into common use as part of a labora* 
tory equipment^ and the absorption spectra of organic compounds in 
the risible and ultra-violet region carefully studied and mapped 
Thus, the field of view has been extended and attempts have been 
made to bring into line the older theories of structure with the more 
recent results of spectroscopic examination. How fiur these attempts 
have been successful will be briefly discussed in the following pages. 

ThMorj of O. W. Witt.* One of the earliest theories connecting 
colour with structure is that of O. N. Witt^ who attributed colour to 
the presence of certain unsaturated groups or chromojpiiareSf of which 
the most important are the following: 0=C, CsO, CMS, C«=Ny 

N»N, N»0, Nf • To these the ortho- and para-quinoid radicals, 



Ftoa-quinoid. Ortho-quinoicL 

which may be regarded as compact assemblages of C^^C groups, were 
subsequently added.* 

On reduction or addition of halogens the unsaturation of the group 
disappearSi and with it the colour. Hence unsaturation, as Graebe and 

* Sir., 1S76, e, 622; 1888, 21, 82S. 

* Nietski, Organi»eK§ FcarbHqf$, Springer, Berlin, 1898 ; Armitrong, Proc Ckem, 
So«., 1892, 6, 101; Gnen, Pnc Chm. aac, 1822, 8, 196. 
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Liebermann^ first pointed out^ seems to be correlated in some way 
with the attribute of colour. When the chromophore forms part of 
a carbon complex, the latter is known as a ehramogen. The chromogen 
may or may not be colouredi but it constitutes the basis of the 
coloured substance. To convert the chromogen, if colourless, into 
a coloured substance, certain salt-forming groups, especially NHj 
and OH, are necessary, and these are known as auxochromes. Thus, 
benzophenone G^Ho . GO . G^Hq, though colourless, is a chromogen 
by virtue of the presence of the chromophore 0=0, but only 
becomes coloured on the introduction of the auxochrome NHj. 
Aminobenxophenone is yellow and basic In the same way the nitro 
group is the chromophore of the chromogen, nitrobenzene, and 
nitraniline the colouring matter. 

Azobenzene is a coloured chromogen containing the chromophore 
N : N, whereas hydroxy- and amino-azobenzene are true dyestufFs. 

dufomophorefl. Colour appears to depend not only on the presence 
of the chromophoric group, but also on its reduplication in a compact 
form. A single C=s0 group, being a weak chromophore, produces 
colour, but, when multiplied, a coloured product results. Hydrocarbons 
of the ethylene series, such as diphenyl- and tetraphenyl-ethylene, 
are colourless, but diphenylhexatriene 

CeH5.0H:0H.CH:0H.CH:0H.CeH5 

is yellow. Bing structure, with its compact arrangement of double 
linkages, appears to promote absorption in the visible spectrum and 
produce colour. Whereas tetraphenylethylene and diphenyldipheny- 
lene ethylene are colourless, the corresponding bisdiphenylene and 
dinaphthylene diphenylene derivatives are coloured. 

0,H/ M5,Hj C,H/ ^C,H5 

Tetraphenylethylene. Diphenyldiphenylene 

Colourlees. ethylene. 

Colourless. 

c,h/ \cA OjoH,/ Xh^ 

Bisdiphenylene Dinaphthylene diphenylene ethylene, 

ethylene. Red-yiolet. 

Red. 

^ £^., 1867, 1, 104. 
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The same oompAct gfoapiiig of douUe linlutges is pr ooon t in the 
inteteeting series of coloured hydroeerbons, known as fulveaoSy which 
were diseorered by Thiele.* 

CH=CH CH=CH CH, 

CH=CH OeHs 



CH=CH 



Folrene. Methylphenyl fblTene. 

Yellow liquid. Orange liquid. 

I )>O=C(0eHA 

CH=CH 

Diphenjl fblTene. 
Dark red priemi. 

By analogy it might be expected that benzene^ which is isomeric 
with falvene and contains the same number of dooble linkages^ would 
be coloured. The abeence of risible colour may be accounted for by 
the slight diflTerence of grouping of the double bonds which cause the 
absorption bands to shift within the ultra-yiolet region of the spectrum 

(see p. 848). It seems very certain that the group y^^ ^ 

a potent fiictor in colour production. 

Other examples of coloured substances associated with the group 
0»G are the fulgenic acids and their anhydrides (the fiilgides) of 
Stobbe.' The parent substance is unknown, but would probably be 
colourless like the methyl derivatiye ; the introduction of phenyl 
groups deepens the colour, that is, shifts the absorption towards the 
red, as in the case of the fulyenes : 

(CH3)aC=C . OOOH (OeHJOH^C • COOH (CeH ^,0=0 . OOOH 
(CHJjcJ . COOH {O^R,}fi=C . COOH {O^Rfi^O-^G . COOH 

Tetramethylf^lgenic acid. Triphenjlfdlgenio acid. Tetraphenylfolgenic acid. 
OolourleM. Yellow. Orange. 

The colour effect of the chromophore, CO, is not apparent in the 
simple aldehydes and ketones, which are colourless, nor in the com* 
pounds such as acetylacetone CH3.CO.CH2.CO.CH3, in which the 
CO groups are separated, but the continguity of two or more of these 
groups produces colour. Whereas acetoneand benzophenone are colour- 
less, diacetyl CHs . GO . CO . CH3 and benzil C^IL^ . CO . GO . CeH^ are 

> B«r., leOO, S8, see, 86I, sees ; Atmaltn, 1901, 819, 826. 
* Annaiin, 1906, 849, 888. 
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yellow, the anhydrous iriketone CH3 . GO . GO . CO . CHg is orange, 
and the tetraketone C^U^ • CO • CO . CO . CO . C^K^ is orange-red.^ 

Bing structure in deepening colour is evident in fluorenone, which 
is red, whilst benzophenone is colourless, and in phenanthraquinone, 
which is orange-red, whereas benzil is yellow. 



CgHj . CO . CeHg CqH^ — C^H^ 

O 

Benzophenone. Fluorenone. 
ColourleM. Red. 



CeHj.CO.CO.CeH^ CeH4— CeH^ 

CO 00 

BenziL Phenanthraqninone. 

Yellow, Orange-red. 



In all these cases reduction, replacement of oxygen by chlorine^ 
and, in some cases, hydration of the CO group removes the colour. 

The group C : S seems to be a stronger chromophore than C : 0, for 
both thiacetophenone and thiobenophenone are blue liquids and 
tetramethyldiaminothiobenzophenone CS[06H4N(CH3)2]2 is yellow, 
whereas the corresponding ketones are all colourless. 

The large number of azo dyes furnishes countless examples of the 
colour e£Eect due to the presence of the chromophore, N'=N, in the 
aromatio series and its effect is also exhibited among aliphatic com- 
pounds in the yellow colour of diazomethane, diazoacetic ester, 
and azodicarboxylic ester,* and in the simpler aromatic azo com- 
pounds, such as azobenzene, which is red, and ethane azobenzene 
CeHgN : N • CgH^ » which is yellow. 



Ctt 



<N CHC II N.COOCjHj 

II I ^N II 

N COOCaHs N.COOC2H5 



^5 
Diazomethane. Diazoacetic ester. Azodicarboxylic ester. 

Bing structure in the case of the azo group seems to diminish the 
intensity of the colour, tolazone being only slightly coloured. 




Tolazone. 

The blue or green colour effect, characteristic of most nitroso 

> Sachi and BanehaU, B^., 1901, 84, 8047. 

* It is a canons fact that the azo compound derived from iaobntyric ester is 
colourless. 
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eompoands, is aUributed to the chromophoie, NO. Its absenoe in 
certain nitroso deriyatiTaa is explained by their bimolecular structure 
and the consequent saturation of their yalencies. 

The nitro group occupies a somewhat anomalous position as 
a chromophore. Whilst certain nitro compounds, especially in the 
aromatic series, are yellow or orange in colour, others, such as the 
nitro-paraffins, are colourless. The group is apparently a weak 
chromophore, and is dependent for its colour effect on its association 
with other groups. Other chromophores, as a rule, reinforce one 
another ; but the reverse is the case with the nitro group (see p. 857). 
Nitrobenzene and nitronaphthalene are pale yellow, but dinitro- and 
trinitro-bemsene are colourless. 

The union of chromophores, in deepening the colour, such as an 
unsaturated ring structure presents, has already been indicated. 
Numerous examples of colouied substances containing mixed chromo- 
phores migfat be cited in illustration. Staudinger's ketenes (pi 66) 
which contain the group )0s=G3ssO, are yellow. 

(0Ha),0:0O (OaH5)aO:CO 
Dimethylketene. Diphenjlkefeene. 

Phorone and chalcone are also coloured.* 

(OH3)aO: OH. 00. OHtCCGHJs CeHo. OH : OH. OO.OeH^ 

Phorone. Ofaaloone. 

On the other hand, though its solutions in strong acids are coloured, 
dibenzalaoetone, OeHo.OH:OH.OO.OH:OH.OoH5, is colourlesa' 
Dianisalacetone and similar deriyatiyes are yellow. 

The colour effect of the group HO : N is shown in such sub- 
stances as benzylidene aniline, OeHgOH : NO^H^ , and auramine, 
HN:0[OeH4N(OHs)8]s9 which are yellow, and certain ring com- 
pounds, such as quinoline yellow, in which the group forms part of 
the ring. 

In 1888 Nietzki ' added the quinone structure to the list of chromo- 
phoric groups. 

Ring compounds, like the quinones, in which the 00 group 
forms part of the nucleus, and is consequently closely associated with 
the : group, are generally coloured. The ortho- and para-benzo- 

1 Haller and y. KosUnecki, Bar., 1897, 80, 3947. 

• Stobbe, Annalm, 1909, 870, 98. 

* OfyanttdU FOrUtqfSf 1888. Springer, Berlin. 
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quinoneB are orange and yellow lespeciiyely,* and the «• and jS-naph- 
thaquinones are orange and red. Amphi-naphthaquinone, 

Amphl-naphthaqQinone. 

in whioh the 00 groups are distributed between the two nuclei^ is 
also coloured. 

For the same reason fuohsone * and aurin, which may be regarded 
as quinone deriyatiyes and are related to the triphenylmethane dyesi 
are coloured 






OeHfi CeHj HO.CeH^ C6H4.OH 

Faohaone. Aurin. 

Tetraphenyl^p-xylylene, like fulyene^ is orange. 

(OeH^CtCeH^tOCOeH^),. 

Acridine and phenazine may be regarded as ortho-quinoid com- 
pounds and placed in this category, 



N N 





▲eridine. Phenazine. 

> ColoorleM and labile o-qoinones hare been isolated by WillsUtter {Ber., 
1904. 87) 4744)| which are monomolecnlar like the oolourad oompoundi and 
rapidlT change into the latter. Thej may be repreiented by the eaperoxide 
formola, and therefore contain no ohromophore. 



0: 



* Birtmreki uid Hwtet, Btr^ 1908, 86, 8885. 
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whilrt the indulines and indoneB belong to the pftra-quinoid serieeu 

N N 



HN>« 



An attempt to extend the quinoid theory by making it the general 
basis of colour in oiganic compounds^ though not entirely suooessful,^ 
has thrown new light on certain struetural anomalies and afforded 
a plausible interpretation of some of them. 

A remarkable &ct connected with the quinoid compounds is the 
absence of colour in the simplest quinonimines and their salts. 

HNrOeH^iNH OiC^H^tNH 

Qainone-diimine. Quinonimine. 

The dimethyl derivatiTe of quinone-diimine is colourless in the solid 
state and pale yellow in solution. Quinone-phenyldiimine is, however, 
red, and the diphenyldiimine is reddish brown.' 

The quinoles or half-quinones are colourless.* 

It appears from the foregoing observations that certain chromo* 
phores, such as N:N and NO groups, produce colour indei>endently 
of the nature of their euTlronment^ whilst others, such as CX) and 
CH : OH, only act in conjunction with other groups. On this account 
Eauffmann has separated them into two classes, called d^fendent and 
ind^ndmt chromophores. 

Odour and Ooaflguratioa. That slight differences in configu- 
ration may have a marked effect on colour is proved in the case 
of certain stereoisomers, such as the two dibenzoyi ethylenes, 
GeH5 . CO . OH : CH . 00 . CeHg , and the two benzaldesoxy-benzoins, 
CeHfiCO . C(CeH5) : CH . Cfi^ , one of each pair being colourless and 
the other yellow, and the two diazobemsene sulphonates, which are 
yellow and orange respectiyely. 

Tlie Auoohromes. It has already been stated that the chromo- 
phore may or may not produce colour, which in the latter case 
appears on the introduction of the auzochrome. Substances contain- 
ing a chromophore, in which colour is manifested by the introduction 
of an auxochrome, are called chromogens. The effect of the auzo- 

> Armstrong, Pnc Cham, fiEoe., 1899, 8, 101, 148, 189. 
< WUldAtter, £«r., 1904, 87, 1494, 4606. 
• Bmmberg«r, £«r., 1900, 88, 8651. 
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chrome is not only to produce colour in a colourless chromogen, but 
to intensify it if coloured. Benzalacetone is colourless, but thei^-di- 
methylamino deriyatiye is orange-yellow, and both amino deriyatives 
of anthraquinone and phenanthraquinone are more deeply coloured 
than the unsubstituted compounda Similarly the nitranilines are 
more deeply coloured than nitrobenzene. Of the two chief auxo- 
chromes, OH and NH, , the latter appears to be the stronger, as may 
be seen on comparing j>-nitrophenol with jp-nitraniline. The former 
is colourless and the latter deep yellow. As a rule, however, the 
difference in the colour effect produced in analogously constituted 
compounds is only slight. Picric acid and trinitraniline are dark 
yellow, amino- and hydroxy-azobenzene are yellow, alizarin and 
tiiaminoanthraquinone are red or violet, rosaniline and rosolic acid 
red, &C. It may be pointed out that both groups possess residual 
afSnity and are therefore highly reactive, like the chromophores. It 
has been suggested that the residual afSnities of the two kinds of groups, 
auzocbromes and chromophores, may interact in some way so as to 
produce a banded spectrum when light energy is absorbed (see p. 878). 

The replacement of hydrogen in NH^ by alkyl and aryl radicals 
strengthens the auxochrome (i e. intensifies or deepens the colour) 
and with increasing molecular weight of the radical the absorption 
is shifted towards the red. 

The auxochrome character of hydroxyl may be illustrated by 
numerous examples. Colourless dibenzalacetophenone gives a yellow 
ortho-hydroxy derivative, yellow anthraquinone yields an orange-red 
para-hydroxy compound and a red dihydroxy compound (alizarin), 
and orange phenanthraquinone a violet trihydroxy derivative. By 
replacing the hydrogen of the hydroxyl group by alkyl groups the 
auxochrome may be affected either way, in some cases the depth of 
colour being increased, in others diminished. 

Ortho-nitrophenol, which is deep yellow, gives a pale yellow 
methyl ether ; but the pale yellow nitroquinol gives a deep yellow 
methyl ether. 

The relative position of auxochrome and chromophore might be 
expected to manifest itself clearly in its effect on colour ; but this is 
so fur from being the case that the vicinity of auxochrome and 
chromophore as frequently destroys as it intensifies the colour. 
Kauffmann^ concludes that, as a rule, the auxochrome deepens the 
colour when it is attached indirectly to the chromophore by an aromatic 
nucleus, which can function as a chromophore. The subject is 
further considered under the auxochrome theory (p. 878). 

1 FokU wnd JTofitMM^fon, by Ihr. H. Kaniltaiaiin, Ahrens' Vortrtigef 1904, 0, 877. 

II A a 
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854 COLOUR AND STBUCTURE 

This relation of aiixoohrome to duomophore is illustrated by 
pararosaniline hydrochloride^ in which a quinoid group is attached by 
benzene nuclei to two auzochromes and which has a deep magenta 

«<>'•"'• NH.Ha 




PuraroMnlline hydrochloride. 

An interesting point in this connection is the effect of position of 
the NH2 groups on the colour tint, which changes from para to ortho, 
the former being violet and the latter blue-green. 

Now the auxochrome introduces an acidic or basic character into 
the compoundi which can consequently function as an acid or base 
and form salts. Salt formation is a process of the greatest interest 
from the point of yiew of colour ; for it may affect it either by 
intensifying or destroying it. 

Para-nitrophenol is colourlees^ but its sodium salt is deep yellow 
or orange. Ortho-aminobenzophenone and the nitranilines are 
deep yellow or orange, and their salts are colourless. The same 
result is produced by aeetylation of the amino group. Acetyl 
derivatives of the above compounds are colourless. The forma- 
tion of quaternary compounds is also attended by loss of colour. 
Heta-nitrodimethylaniline, which is deep yellow, becomes colourless 
when combined with an alkyl bromide. As no structural change 
is possible in many of these compounds, it must be inferred that 
salt formation alone is responsible for removing the auzochromic 
character of the amino group. But in other cases where salt 
formation affects the chromophore rather than the auxochrome the 
reverse is the case. Acridine is colourless, but its salts are yellow ; 
phenazine is yellow and its salts are red. Aminoazobenzene, which 
is orange^ forms salts which dissolve with a red colour. Many 
colourless substances, such as dibenzalacetone and certain aromatic 
hydrocarbons, dissolve with a bright colour in strong mineral acids. 
The latter belong, however, to a different category and cannot 
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be regarded as salts in the ordinary sense. They will be referred to 
again (p. 869). 

It must be remembered that, in dealing with salt formation in the 
case of an unsaturated compound, isomeric change may occur and the 
salt may possess a structure very different from that of the original 
compound. An example of this kind is j>aminoazobenzene, referred 
to above, which is orange in the free state, but forms a hydrochloride 
crystallising in steel-blue needles and dissolving in water with 
a bright red colour. P-jp-diaminoazobenzene behaves in the same 
way. This is not a normal case of salt formation, seeing that the 
meta compound is dark orange and its salts bright yellow in colour. 
The explanation is that the meta compound, unlike the ortho and 
para compounds, cannot undergo isomeric change to the quinoid form, 
and therefore yields normal salts of a similar colour. 

The relation of p-aminoazobenzene to its hydrochloride is represented 
as follows : 

CflHsN=N ^^ ^ NHa ^ CflHsNH, N=<^~^NH. HCT 

Normal form of free oompoond, Quinoid form of hydrochloride. 

A difSculty is met with in the &ct thsA, whilst the substance 
dissolves in dilute acid with a red colour, its solution in strong 
sulphuric acid is brown. According to Kauffmann the red solution 
represents the quinoid form, the brown the reversal to the azo com- 
pound, and this view is supported by observations of Auwera^ The 
change of colourless base to salt in the triphenylmethane dyes, to be 
presently referred to, is regarded as an illustration of the same kind of 
isomericchange from the saturated carbinol to the quinoid form(p.888). 

NH.HOl 




!.0H 

NHjCeH^ CeH^NHt NHjOeH^ CeH^NHg 

Pararosaniline base. Pararosaniline hydroohlorido. 

Colourleas. Red. 

The formation of orange and red salts from colourless or pale 
yellow nitrophenols has been ascribed in the same way to isomeric 
change. Armstrong * was the first to suggest a quinoid structure for 

1 Ber,, 1900, 88, 1814. * Proe. Giem, Soc., 1892, 8, 108. 

Aa2 
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the yellow o-nitrophenol in order to explain the difference between it 

and the colourleas para compound. 

NO. OH 





)H 

p-NitrophenoL o-NitrophenoL 

When alkali is added to i>-mtrophenol it yields a salt of a deep 

yellow colour aUd the ehange is therefore ascribed to a change to the 

p-quinoid form : 

^^ NO.ONa 



O 

Sodium p-nitrophenate. 

Eauffmann has objected to this view on the ground that all three 
isomers behave similarly with alkali, including the m-nitrophenol 
which cannot give a quinoid form, and to the fact that the dihydroxy 
nitro compounds show an increased depth of colour when a second 
molecule of alkali is added, although only one nitro group is present. 
In the case of nitroresorcinol, however, the second molecule of alkali 
removes the colour of the mono sodium compound. 

Thdory of Chromoisomerini. In opposition to Eauffmann, and 
following Armstrong's suggestion, Hantzsch ' has advanced what is 
known as the theory of chromoisomerism. It owes its origin to the 
discovery of coloured, in addition to the well-known, colourless nitro- 
phenol ethers. 

In 1906 HantESch and Oorke found that red coloured nitrophenol 
ethers could be obtained by the action of alkyl iodides on the silver 
salts of the phenols. Colourless and coloured ethers of o- and p- 
nitrophenol, 2 . 4 dinitrophenol, picric acid and trinitrophenylmalonic 
ester were prepared, and the two series of compounds were represented 
thus: 

NOj NO.OCH3 

Ar f Ar » Aromatic nucleus. 



NK3H, 



8 
True nitro ether. Aci-nitro ether. 

Colourleoi. Coloured. 



O 

-nil 
)olc 

' Bar., 1906, 80, 1078. 
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The first was called a true nitro ether and the second, coloured 
modification, was termed an aci-mtro ether, corresponding to the 
pseudo acid and acid forms of phenyhiitromethane (vol. i, p. 196). 

Now, according to Witt's theory, the chromophore NOj is alone 
too weak to produce colour until reinforced by the auzochrome OH, 
the chromogenic character of which is intensified by conversion into 
the salt. By multiplying nitro groups the colour should be intensified, 
but, as already mentioned, this is not always the case. Hantzsch 
takes the view that all true nitro phenols and their derivatiyes are 
colourless ' and that it is only by conversion into the aci form that 
colour is manifested. This was embodied in the following general 
rule : * every appearance of colour or change of colour in salt forma- 
tion with a colourless metallic atom is due to isomeric change.' 
Dinitroethane is colourless, but the sodium salt is deep yellow, and the 
change is denoted thus : 

CHaCHlNOJ, CH3C(N0j)N0 . ONa 

Mercury nitroform exists in a colourless and yellow variety. The 
first will represent the true nitro compound, and the second the 
aci form. 

hg.CQSO^ hgO.ON.O(NOj)j hg«^ 

Colourless. Yellow. 

Another example is fn-nitrophenylnitromethane^ which exists in 
the form of a colourless and yellow isomer. Although nitromethane 
and ethylnitrolic acid, as well as their sodium salts, are colourless, 
the latter have a different ultra-violet absorption from the former 
and reveal in this way a difference of structure. 

This kind of isomerism which.shows itself in change of colour is 
termed chromaisomeriam^ and the process of isomeric change chramo- 
trqpism. 

But the attempt to extend the theory by further experimental 
observation has only rendered the issues more complex and the 
explanations more involved. A comparison between the yellow 
o-nitrophenol and its ether shows that the latter is much the more 
deeply coloured. Hantzsch has therefore suggested that the free 
nitrophenol is not a pure aci compound, but a solid solution or 

1 A notable exception is nitroquinol methyl ether, NO,G«H,(OCH,)),whioh is 
yellow. It is colourless in a solution of ligroin, but dissolves in other solvents 
with a yellow oolour, the depth of which ia found to increase with the molecular 
weight of the solvent. 
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mixed crystal of both nitro and ad forms. Such an equilibrium 
mixture is called a merochr(nne compound. The view is supported by 
the observation that the orange sodium salt of tribromo m-dinitro- 
phenol can be separated by anhydrous solvents into a yellow and red 
variety, each of which in aqueous solution reverts more or less 
rapidly to the same orange-coloured mixture. A yellow and red 
thallium picrate and several such pairs of salts are known. 

We are thus confiront^d with the existence of two salts, a yellow 
and a red, in addition to the colourless, free nitro compound. How 
are they all to be formulated ? 

A further complication is presented by the salts of the mononitro- 
para£Bns, which are colourless, whilst those of the dinitro compounds 
are coloured, like the salts of the nitrophenols. The colour is not 
due to the additional electronegative nitro group, for its replacement 
by a different electronegative group is without effect, the sodium 
salts, for example, of phenylcyanonitromethane and bromonitro- 
methane being colourless.^ 

<CN 
NO.ONa 
Phenylesranonitrometliane 
sodiam salt. 

HantzBch concludes that the second nitro group plays a part in the 
production of colour by virtue of the linking of the subsidiary 
valency or residual affinity of the metal with that of the nitro group. 
It is, in short, an adaptation of Werner's theory of valenc^f isomerism. 
Though its exact significance in colour production is not easily 
defined, it can be represented in the following way (see p. 83) : 



^NO.OMe 



B.CC Me«MetaL 



in which the dotted line represents the subsidiary valency linkage. 

Hantzsch's theory of valency isomerism applied to the nitro 
compounds receives an interesting confirmation from certain recent 
observations on the absorption spectra of a number of aliphatic 
nitro compounds ; ^ he concludes that the nitro group may appear in 
three forms, each of which possesses its own characteristic absorption. 
These three forms are described as a true nitro group, which shows 
faint absorption and a shallow band at about 8413 ; secondly a 
simple aci-nitro groi^ )G : NOOH, present in the salts of mononitro- 

1 Hedley, £er., 1908, 41, 1195. > B«r., 1912, 45, 85. 
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paraffins and exhibiting general absorption of about the same intensity 
as the first ; and thirdly an aci-nitro group associated with a negative 

radical, which is termed a ooi^ugfUed acirnUro group "R.O C, 

^NOOH 
in which X stands for a strongly negative radical (NO2, NOH, 
CO . GOOH, CqE.^ . CSf &c.). It is characterised by strong selec- 
tive absorption. The efiEect of the negative radical, which alone 
does not influence the absorption, is explained by chemical com- 
bination in which the residual affinity of the metal, hydrogen, or 
ester radical, as the case may be, of the aci-group enters into union 
with the unsaturated negative group, forming a closed chain. 

E.c/ ^XNa.H.OHj) 

^NO.O/ 

With the negative groups, NO2, GO . E, GN, the molecular structure 
will take the following forms : 

E 

N=Os yC=Ov /C=Nv 

"XhV* ''•%-o>" "Xk-c^"' 



Aoi-dinitro oompound. Aoi-nitro ketone. Cyan-aci-nitro compound. 

Nitro ketones belong to the same category as the nitro phenols, 
and form colourless as weU as yellow and red salts. The two series 
of salts have the following structure : 

0:0 G:0 



G:N00Me C:NO:OHe 

Still more complex are the coloured salts of the oximino ketones 
containing the group GO . G : NOH, which have been studied by 
Hantzsch ^ and his collaborators. Violuric acid and its dimethyl 
and diphenyl derivatives, together with some of their esters, are 
colourless or faintly coloured, but yield brightly coloured salts. 

NH GO GH3N GO GeHfiN GO 

OG/~\g:NOH 0G<^~\3:N0H Og/~~\g:NOH 

Nk~do GH3II do c^n^ do 

Yiolurio aoid. Dimethyl violuric Diphenyl Tioluric 

acid. acid. 

^ Ber., 1899, 32, 8101 ; 1910, 48, 82. 
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Not only do different metals and organic bases produce differently 
coloured salts, but the same metal yields differently coloured salts 
and solutions according to the solvent employed. The phenomenon 
of one salt existing in differently coloured varieties is termed by 
Hantzsch patUochromisfn. Potassium, rubidium, and caesium di« 
phenyl violurate can each exist in blue and red modifications, and 
lithium diphenyl violurate gives both red and yellow salts. The 
results have been summarized as follows: all the salt solutions con- 
tain monomolecular isomers ; the colour of the salt changes from 
yellow to orange, red, violet, and blue with increasing positivity of 
the metal and also with increasing residual affinity of the solvent ; 
the absorption curve of the yellow salt solutions are most closely 
related to that of the free ozimino ketone, whilst that of the blue salt 
solutions resemble the aliphatic nitroso compounda Assuming that 
the pure oximino and nitroso compounds are represented by the 
formulae, 

==C:0 — O.OH 

— C:NOH — C.NO 

Yellow. Blue. 

the yellow and blue salts are denoted as inner complexes derived 
from these two formulae in which residual valencies are brought 
into play, whilst the intermediate orange, red, and violet salts are 
regarded as mixtures. 

\C=0 Nc^^Me \(X \Me \y 

A""" Ah/^ A^A Aho 

Colourless Yellow. Blue. True nitroso compound 

ozimino ketone. unknown. 

Similar observations have been made with oximino-oxazolone and 
oximino-phenyltriazolone and its derivatives, each of which forms 
a series of coloured salts. 



N 




^^ C:NOH N N 

CaH,N< 
CO N^C:NOH 

Oximino-oxazolone. Oximino-phenyltriazolone. 

Among other groups'of compounds which exist in coloured modifica- 
tions and form differently coloured salts aie the following : 
Hydroxyazobenzene OeHgNaCeH^ . OH and its derivatives are 
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usually yellow and orange and the alkali and edlver salts otange and 
red. Several of the silver salts also exist in both yellow and red 
modifications. The nitrobenzene azophenols show similar changes 
of colour between the free compound and its salts. 

Dihydroxybenzene (azophenol) exists in two modifications, each 
forming a series of yellow, red, and green salts. Many aminoazo 
compounds are known to form two series of differently coloured 
salts.^ The orange salts, which resemble azobenzene (also azobenzene 
trimethyl ammonium salts, which cannot undergo isomeric change) 
in colour as well as in their absorption spectra, are represented 
by the azo formula 

CflHfiNiNCeH^NBg.HX 

whilst the violet salts are regarded as having the quinoid structure, 

CeH,NH.N:CeH4:NE2X 

Indifferent solvents favour the violet modification, whilst the 
orange salts are stable in alcohol, ether, and acetone. The same 
colour relationships have been observed in the aminoazobenzene 
sulphonio acid series, such as methyl orange, which exists in violet and 
orange modifications and is represented by the formulae. 
SOsOeH^NH . N : O^H^ : NCCHa)^ SOaOflH^N : N . CeH^N(CH8)8H 

Violet (solid). Orange (solution). 

Hexanitrodiphenylamine also yields both an orange and violet 
methyl ether. 

More recently Hantzsch* has obtained chromoisomers in the 
pyridine, quinoline, and acridine series. Phenylacridinium hydrogen 
sulphate exists in a yellow, red, and green, and the sulphite in 
four, yellow, red, green, and brown, modifications. The various 
modifications give identical solutions, but the colour of the solution 
depends upon the solvent, and in the case of the sulphite may vary 
from red in ethyl alcohol to green in acetylene tetrachloride. 

The modifications are represented as valency isomers having the 
following formula : 

B X B B 

6 Y i, 

C,H/p>C,H, C,H^[>C,H, O.h/JNc.H* 

BX B BX 

> Hutaseh wad Hikeher, B»r., 1908, 41, 1171. * Btr., 1910, 44, 1788. 
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An interesting example of chromoiaomeriam is that of fluorene« 
ketone, which exists according to Stobbe * in a yellow and red 

CO 




modification both in solution and in the fused state, the latter being 
conyerted into the former by means of strong sulphuric acid. 
Although the absorption spectra of the two are similar, both structural 
and stereo-isomerism seem excluded, and the difference has been 
attributed to some different disposition of the residual valencies 
of the oxygen atom. 

A further complication is introduced by the observation that 
different structural modifications may possess the same colour and 
giye identical absorption bands in solution, a phenomenon which 
has been termed hofMchromaisomerism.* It is found to exist in certain 
nitranilines, in the coloured syn- and anti-benzaldoximee, chlorotolu- 
quinone-oximes, and other stereoisomers. 

A good example is furnished by 2 . 4 dinitrophenyltolylamine ; for 
it gives, according to the solvent and temperature, two yellow and 

N Og C Ha 

NO,<^^^NH<(_^ 

Dinitrophenyltolyhunine. 

two orange salts, all of which are unimolecular in solution. The 
two yellow salts, though different crystallographically, are optically 
identical in solution.' 

In explaining the great variety of coloured substances derived 
from the same compound, it seems unnecessary to have recourse 
in all cases to isomerism. The existence of solid, crystalline modifi- 
cations of different colours which give identical solutions may 
be due to polymorphism, which crystfdlographic examination should 
reveal.^ In other cases the effect of one substance dissolving in 
different solvents with different colours may, as Hantzsch himself 
has suggested, be accounted for by the formation of a solvate or 
union of solvent and solute. 

Abaorptioii Spectra and Colour. Before discussing other theories 
of colour, we will consider briefly the structure of coloured sub- 
stances in the light of their absorption spectra. The value of the 

1 Ber., 1911, 44, 1481. " Hnniisoh, Ber,, 1910, 48, 1910; 1911, 44, 2001. 

• Haatzsoh, Ber., 1910, 43, 1651, 166a « Bulmann, Bar., 1911, 64, 827. 
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method for determining constitution has already been referred 
to (p. 881), and its direct connection with the phenomenon of colour 
renders it peculiarly applicable to the study of the 'relationship of 
colour to structure. 

The fact, observed byBaly^Edwards, and Stewart,^ thati^nitrophenol 
and |>-mtroaniBole show similar absorption curves in the ultra-violet, 
but that the addition of alkali to the nitrophenol solution entirely 
alters its character by shifting the bands to the red, was first 
considered as supporting Hantzsch's quinoid theory. But a similar 
shifting to the red, observed on the addition of alkali to phenol, 
and the appearance of bands of nitro compounds at quite different 
concentrations from those of quinones(but very similar to those 
of nitrodimethylaniline, &c., which cannot possess a quinoid form) 
furnished strong arguments against a quinoid structura It seems 
more probable that the NO2 group produces its colour effect like the 
NH2 and OH groups by causing displacement towards the visible 
spectrum, an effect which is augmented by conversion of the phenol 
into its salt.' 

The same result has been arrived at in regard to the nitrobenzene 
azophenols and their salts, which have very similar spectra and, 
moreover, resemble the spectra of m- and jp-nitrobenzeneazodimethyl- 
anUine, which cannot give a quinoid form. 

The change of colour, which aminoazobenzene undei^oes when 
converted into its salts, has been explained by Hantzsch by change 
of structure. The same view might account for the increased depth 
of colour on adding alkali to hydrozyazobenzene, by supposing it 
to change firom the quinoid to the azo structure. 

Quinoid stnictare. Azo struoture. 

Although aminoazobenzene and its salts have not yet been examined 
spectrographically, Tuck," by a comparison of the absorption spectra 
of the free compound with that of its alkyl and acyl derivatives, has 
shown that all the compounds possess the azo structure, and that the 
characteristic portion of the curve resembles that of azobenzene. 
Some of the ortho-hydroxy compounds, on the other hand, appear to 
possess a quinoid structure, and according to Hewitt and Mitchell ^ 

^ 7Van9. Chem, Soc^ 1006, 89, 6U. 

> Baly, Tuck, and Maraden, Trans, Chan. Soc^ 1910, 97, 671. 

* Trans. Chem, 8oe,f 1907, 91, 454, 1907 ; aee also Auwen, ^fifkOffi, 1908, 860, 11. 

« TVofu. Chem. Boc, 1907, 91, 1251. 
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the salt fonnation of certain nitro-azophenolBy causing change of 
colour, 18 accompanied by conyersion into the quinoid form. 

-► HO.ON:<;^~\;N— N:<[^^:0 

Kartlegr'a Theory of Colour. It has already been stated ^ that 
benzene exhibits a series of narrow absorption bands in the ultra- 
violet, and that these bands become displaced towards the visible 
region by the introduction of certain groups. The displacement is 
effected by substituents such as Witt's auxochromes, OH and NHg, 
and certain other groups, or by condensing two or more benzene 
rings. Hartley * has advanced the theory that the fusion of benzene 
nuclei, as well as the introduction of certain groups, causes a retarda* 
tion in the period of molecular vibration or damping down of their 
oscillation; in other words^ a shifting of the absorption bands 
towards the red. 

He regards a chromogen as an ' invisibly ' coloured substance and 
a chromophore as an atom or group capable of reducing the rate of 
molecular vibration so as to absorb rays within the region of visibility. 
The effect of linking together two or more benzene nuclei by carbon 
atoms does not necessarily produce visible colour, but reduces the 
rate of vibration. Thus, triphenylmethane, though colourless or 
pale yellow when fused, produces a broad band of the same general 
character as benzene, but of greater intensity and much nearer the 
margin of the visible spectrum. It is therefore a chromogen. A 
comparison of the absorption spectra of triphenylmethane with 
a number of typical triphenylmethane dyes shows that they differ 
mainly in the position of the bands but neither in the character nor 
intensity of absorption. Para nitrophenol, though apparently colour- 
less, absorbs faintly in the violet and possesses a green tint Its 
conversion into the sodium salt causes a shift in the absorption 
curve towards the visible region. There is no indication of change 
of structure. The relation of azobenzene to its derivatives, the azo- 
colours, is of the same kind. There is a change in position of the 
bands in each case, but not in the character of the absorption. An 
interesting observation derived from the examination of these sub- 
stances was the predominating influence exhibited by the chromo- 
phore N=N in comparison with the small relative effect of the 
benzenoid radical. 

1 Trans. Otem, Soe.^ 1887, 61, 162. 

* Kayser's Handbuch der SpictrosoopU, vol. iii, p. 170. S. Hirzel, Leipzig. 



Digitized by 



Google 



HARTLEY'S THEORY OP COLOUR 865 

Hartley concludes, therefore, that colour is not necessarily accom- 
panied by change of structure, nor by the presence of a quinoid 
nucleus. 

Form&nek,^ who has made a very complete investigation of the 
relation of structure to absorption of a large number of dye stufGs, 
has formulated a series of rules which may be embodied in the 
following general summary: colouring matters which have an 
analogous structure possess similar absorption spectra, and the same 
is true of those which have the same chromogen and the same 
number of auxochromes, CeH^NBg or CeH40H groups. The absorp- 
tion curve is different if the chromophore is different or if, with the 
same chromophore, the number of G0H4NR2 groups varies, or if the 
position of the auxochrome varies in its relation to the fundamental 
element ; finally, the absorption curve is modified by the substitution 
of hydrogen by alkylphenyl or phenyl groups in the amino group. 

The Btmetnve of tba TripkenjlmetlLana Djes (Okemioal 
Svidence). When the synthesis of pararosaniline by E. and 0. Fischer 
in 1878 established the nature of the dye as a derivative of triphenyl- 
methane, the relation of leucobase, colour base, and dye (hydrochloride) 
were very simply interpreted by the following formulae : 




Lenoobase. Colour baae. Dye-stuff. 

Oolourlesa. OolourlosB. Magenta. 

In other words, one of the basic radicals in the hydrochloride was 
built upon Oraebe's superoxide formula for quinone. 





This view was afterwards modified by Nietzki in 1888 by substi- 
tuting Fittig's quinone formula and thus, by introducing what 
is known as the quinoid structure, this colouring matter and its 
congeners were brought into line with Witt's theory. 

0=< (~y =O (HgN . C^R^^O==(^~^WEL . HCl 

The mechanism of the change whereby the colour base is converted 
into the hydrochloride and vice versa was explained later by 
^ Skit, Farim-und T^xtO-CliemU, 1908, S, 7. 
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Hantisoh, Aoeording to Hantzsch the isomeric change of true base to 
pseado baae and the leyerae process is brought about by the wandering 
of a hydrozyl between the quinoid carbon and nitrogen (see p. 333). 
The addition of alkali to the coloured salt first produces a labile and 
coloured ammonium base, which rapidly passes by a process of 
tautomeric change into the colourless and saturated carbinol base* 
The process can be reversed, and a colourless salt of the leucobase can 
be obtained under certain conditions, followed by a change to the 
coloured salt constituting the colouring matter,^ 

\)=<^^\=NH . HOI ^ \c=<;^~^NHaOH 

5± ^0H)<^ ^NHg 

The change of colour and conductivity run parallel, indicating 
thereby a change of structure (for the true base is like ammonia, 
whereas the pseudo base corresponds to an alcohol '). The following 
represents the process of transformation of colour base to salt in the 
case of crystal violet 



N(CH3)20H 



N(CH3)j 



l(OH) C 

(CH3),N0eH^ CeH4N(0H3)2 (CH3),N0e^ CeH4N(CH8)a 

OolourlesB pseudo base Coloured true baae 

of crystal violet. of crystal violet 

N(CH,),C1 



(CH3),NO,H4 C,H,N(CHa), 

Coloured salt of crystal violet. 

Thus, the colour of the hydrochloride is readily accounted for on the 
chromophore theory. If more hydrochloric acid is added, the colour 
changes again owing to the union of the acid with the amino groups 
» Ber., 1900, 38, 278, 752. « Mflller, Ber., 1910, 48, 2«09. 
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of the other benzene nuclei and the removal of the influence of the 
auzochrome. 

Another theory which was advanced by Rosenstiehl in 1880 
explained the formation of the hydrochloride from the carbinol 
as follows : 

HO . ©(CeH^NHJa + HCl = C1C(C6H4NH2)3 + HgO 

Here the hydrozyl is simply replaced by the halogen and no 
chromophore is present. This view of the structure is supported by 
the fact that, assuming no intramolecular rearrangement occurs in 
the process, pararosaniline can be prepared with carbon tetra- 
chloride ; but, on the other hand, the existence of a colourless 
pararosaniline cyanide is difficult to explain, if the structure is 
the same as that of the chloride. 

Rosenstiehl's theory was long discarded, until the discovery of 
triphenylmethyl by Oomberg in 1900 introduced new features into 
the problem. 

The constitution of triphenylmethyl and its existence in solution 
in a coloured form has already been referred to (p. 4). Shortly after 
its discovery Norris and Sanders^ found that the colourless triphenyl- 
methyl chloride and carbinol dissolve in strong sulphuric acid with 
a yellow colour. On dilution, the yellow colour disappears and the 
colourless carbinol is precipitated. If the sulphate and chloride are 
similarly constituted as salts of triphenylmethyl they will have the 
following structure, in which no chromophore is present : 

C(CeH5)8a CCCeHJaO.SOaH 

In addition to the colourless compound a yellow chloride can be 
obtained in acetic acid solution by adding strong hydrochloric acid, 
which, like the sulphuric acid solution, loses its colour on the addition 
of water. The colourless chloride also dissolves in liquid sulphur 
dioxide with a bright yellow colour. Triphenylmethyl also forms 
a coloured perchlorate (C^'Ef^^C . CIO4 , which has been isolated, and 
a series of coloured double salts with AlCls and SnCl^ . It thus 
appears that the salts of triphenylmethyl form two series, which 
Eehrmann and Wenzel explain by giving to the coloured variety 
a half-quinoid or quinole formula, 

H 
(CeHg)aC=< ^^ ^ (X « acid mdical) 

and to the colourless compounds the simple salt structure described 
above. In agreement with this view Walden and Oomberg found 

^ Anur. Chem» JounUj 1901, 25, 64. 
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that the yeUow solution of the chloride in liquid sulphur dioxide 
conducts, and therefore, it is to be presumed, undergoes ionisation. 
On the other hand, Hantzsch and Meyer ^ observed that the colourless 
bromide in pyridine and other solvents also conducts^ though it shows 
no absorption in the visible spectrum. 

Bw&j^afm Theoocy. Baeyer and Villiger, from a careful study of 
the problem, have arrived at a different explanation. If the coloured 
salts of triphenylmethyl have a quinoid structure, the panHshloro- 
derivative should possess the structure. 




(O.O.HJ.C , ,,^ 

in which the one (quinoid) chlorine atom is differently situated from 
the other two and should consequently be more easily removable 
with silver solution. But an acetic-sulphuric add solution of the 
substance gives no silver chloride after standing for twenty-four hours 
with a solution of silver acetate, from which it may be inferred that 
there is no difference in the stability of the three halogen atoms. 
The quinoid structure is therefore dismissed. Other facts point in 
the same direction. On increasing the basicity of the triphenyl- 
methyl radical by the introduction of methoxy groups iuto the nucleus^ 
moderately stable coloured salts have been isolated. Trianisyl nitrate 
(CHsOCeH^^NOs + liHNOs is deeply coloured. On the quinoid 
hypothesis these salts should have the formula: 




(CH.OOAW ^_, ^^ 

from which the quinoid methyl group should be easily detached in 
conjunction with the acid radicaL Moreover, the trianisyl compound 
should behave differently from the isomers with the methoxy groups 
in the ortho and meta position ; but no such difference has been 
observed. Baeyer therefore concludes that the coloured substance is 
not quinoid in structure, and that the difference between the coloured 
ionisable substance and the colourless non-ionisable compound must 
be formulated in another fuhion. Carbon may function like nitrogen 
in ammonium salts or phosphorus and arsenic in the phosphonium 
and arsonium salts, that is, when saturated with basic radicals it 
may act like a metal, forming salts having the nature and structure 
of metallic salts. In order to indicate the difference between the 
colourless and coloured salts and the ionisation of the latter in solution, 
he has recourse to a difference in the character of the attachment of 
1 Ber.,191Q 48,886. 
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the carbonmn carbon to the acid radical, which is represented by 
a straight bond in the colourless salts and by a wavy or ' carbonium 
valency' in the coloured salts. The coloured double salt with 
stannic chloride and the sulphate will appear thus : 
(OflH5)8C — Cl.SnCa^ 
(CjHJaC — O.SO3H 

It must not be supposed that the use of two kinds of bonds is 
anything more than a system of notation. It affords as much 
explanation as if the acid radical were underlined or written in red 
ink in one case and not in the other. 

The main point is that Baeyer, like Hartley, whose views he shares, 
does not regard the quinoid structure as affording an explanation of 
colour in this group of colouring matters. Many other colourless 
substances when dissolved in mineral acids give intensely coloured 
solutions. Dibenzalacetone and allied substances show this behaviour, 
and, according to the nature of the substituted phenyl radical, give 
coloured products with hydrochloric acid ranging from red to violet, 
which contain from 1 to 2 molecules of acid.^ This property of 
forming coloured salts from colourless or feebly coloured compounds 
has been termed by Baeyer JuUochramy (see p. 864). 

Baeyer does not entirely discard the quinoid structure, which is 
recognised as the basis of colour in certain triphenylmethane dyee^ 
so that the cause of colour is twofold. It thus receives at his hands 
a wider, but at the same time a much lees definite structural inter- 
pretation. In studying the properties of triphenylcarbinol derivatives 
Baeyer found that all hydroxy and amino compounds are colourless, 
and only become coloured on removal of the elements of water. In 
the mono-substituted derivatives only the para group can contribute 
to the loss of water. Thus, jp-hydroxy triphenylcarbinol yields f uch- 
sone, while fuohsonium chloride is obtained from jHuninotriphenyl- 
carbinol. 

, NH.HCl 



Faoluone. Fuohsonium ohloride 

(ftiohaonimine ohloride), 

1 Stobbe, Annaimj 1909, 870, 98. 
B b 
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Now both these substanoeB have' an orange colour ; bat the full 
depth of oolour of the triphenylmethane dyes, as well as the charao- 
teristic absorption bands, are not developed until at least two amino or 
two hydroxyl groups occupy the para position to the quinoid carbon. 
A comparison of the spectrum of the sodium salt of benzaurin with 
the hydrochloride of Doebner's violet showed identity in the absorp- 
tion bands. It follows that the usual formulae cannot represent the 
true structure of these two substances, seeing that salt formation 
is quite differently represented. 

NH.HCa 



CeHj OeH,ONa OeBff CeH,NH, 

Sodium benzaurin. Doebner*8 violet. 

The source of colour in such a case is, according to Baeyer, not 
due to the damping of the oscillations and consequent shifting of 
the bands of the parent hydrocarbon to the visible region, but rather 
to the character of the oscillations, which are determined by the 
rhythmical effect produced by the structure of the molecule. 

This rhythmical movement is caused by the oscillation of the metal 
or halogen atom between the two oxygen atoms or two nitrogen 
atoms respectively. The benzene nuclei must be represented as 
alternately possessing the structure of Oraebe's superoxide formuhi, 
whilst the fourth carbon valency executes, as it were, a pendulum 
motion between the two oxygen or nitrogen atoms. The effect may 
be represented by the following formulae : 

* ^Na ! 





Similar views have been applied to phenolphthalein, to the tetra- 
methylamino derivatives of diphenylphthalide,^ to aurin, and to para* 
fuchsin, but in the latter cases the three benzene nuclei are assumed 
to take part in the process. 

1 Graon, J. Soe. Chm. Ind., 1909, 28, 688. 
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The same idea underlies the theory of colour put forward by Baly, 
Desch, and Stewart, and also by Willst&tter, in which intermoleeular 
or intramolecular change is made the active agent in producing 
molecular or electronic oscillations and so causing selectiye ab- 
sorption. 

Willstiitter's Theory. After showing that the simplest quinon- 
imines are colourless or faintly coloured (p. 852), Willstfttter ^ examined 
the coloured compounds obtained by Wurster in 1879 by the action 
of bromine on jp-aminodimethylaniline and tetramethyl-|>-phenylene- 
dlamine. 

p-Aminodimethjlaniline. Tetrametb7I-J^phellJlenediamixle. 

The first gives a red compound of the formula C^HnN^Br and the 
second a blue compound of the formula C^oH^sNgBr. The red 
compound, which was regarded by Nietzki as a quinonimine, 

HN = CeH4 = N(C5H8)2Br, 

was found by Willstfttter to be a semi-quinonimine (meriquinoid), 
the fall quinonimine (holoquinoid), obtained by oxidation of amino- 
dimethylaniline, being colourless. It was then found that the red 
semi-quinonimine could be obtained either by the partial reduction of 
the quinonimine or by the union of the original base with the 
quinonimine; in other words, the coloured substance belongs to the 
class of quinhydrones. Willst&tter explains the colour of the quin- 
hydrones by the saturation of the partial valencies of the oxygen 
atoms of the quinone and quinol, or of the nitrogen atoms of the 
quinonimines. 

OH BrH,N NH, 



Quinb jdrone. Wanter's oompound. 

The difference between ordinary quinhydrone, which dissociates into 
its colourless constituents in aqueous solution, and Wurster's com- 
pound, which retains its red colour, is attributed to the greater stability 

1 WiUstHtter and Picoard, Ber., 1908, 41, 1466. 

Bb2 
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of the Utter and afonnof iBorrope8is(p. 889)or make and break in the 
linking of the residaal valencies, which sets up molecular oscillations. ' 
The same thing may also occur between parts of a molecule (that is, 
between a quinoid and aromatic nucleus) and explains the similarity 
of Wurster^s red and fuchsine both in the colour of the aqueous 
solution and in that of the add solutions of the imino compound. 

In this way the colour of the meriquinoids is referred to the same 
cause as that assumed by Baeyer in the di- and tri-phenylmethane 
colouring matters, the diBbrence in the two cases being that in the 
fuchsonimines there is a state of isorropesia^ which is restricted to 
the quinoid nucleus, whereas in the salts a meriquinoid condition 
preyails. 

Many similar coloured compounds of quinones, quinonimines, chlori- 
mides, and dichlorimides with amines and phenols have since been pre- 
pared,* and Werner ' regards the coloured picrates of the hydrocarbons 
and aromatic bases as belonging to the same type, in which the residual 
affinity of the nitro group plays the part of the quinoid oxygen. 

These views on colour have encountered strong opposition, both on 
theoretical and experimental grounds. 

Kehrmann * considers that the triphenylmethane bases and their 
coloured salts differ fundamentally in structure, whereas in the 
meriquinoids and holoquinoids the structure of the chromophore is 
the same in both, and the colour is only developed on the introduction 
of a second molecule containing the auxochrome, NH^ or OH. 

But a more serious objection is that raised by Sohlenk,' who 
prepared coloured compounds consisting of two molecules in which 
there is no possibility of intermolecular oscillation. Such, for 
example, is the compound of chloranil and quindmethyl ether. 



OCH, 



OCHs 

' WilltUtter and Pioeard, £«r., 1908, 41, 1468, 8246; Schlenk, Jtitiotoi, 1908, 
868, 818 ; Deek«r, Atmoim, 1908, 869, 806. 

• K. H. Meyer, B^,, 1909, 42, 1149; 1910, 48, 167. 

• £«r., 1909, 42, 4824 ; eee also Sodborough and Beard, Tram. Chem. Soc, 1910, 
87, 778 ; Hofinann and Kirmreuiher, S$r., 1910, 48, 1761. 

« £«r., 1908, 41, 2840. 
> Annakfif 1909, 868, 271. 
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Moreovw, he has obtained j>-tetramethyldiainino fhobaone, 





(CH,),N0,H4 CJI^NCOH,), 

Tetiamethyldiamino faohsone. 

which is a true dye, though oscillation of the kind suggested by 
Baeyer is impossible. Thus, the oscillation theory of colour must at 
present remain in abeyance. At the same time it is remarkable how 
frequently loose molecular combinations are attended by the appear- 
ance of colour. In this connection attention may be drawn to 
Vorlflnder's compounds (p. 88), which pass from a coloured labile 
to a colourless stable condition. 

The same thing has been observed in many other cases. Tri- 
phenylmethyl, for example, combines with jp-benzoquinone to form 
an unstable orange additive compound, O^lBifi^ + 2(0eH5)30, which 
rapidly changes into the stable and colourless triphenylmethyl 
ether. 



(C.H,)3C0<^ )>0C(C«H,)3 



Kanlftnann'g AuBodiroma Theory. Very different from the 
foregoing is the theory of Hugo Ejtuffmann,* sometimes described as 
the auxodirome theory. 

The vapours of many substances at low pressures absorb Tesla 
radiations (high-frequency-current discharge) and become luminous, 
generally with a blue or violet and, occasionally, with a green or 
yellow light As the pressure is increased the luminescence in most 
cases disappears, but not in all, and those that retain the property 
at atmospheric pressure have in common certain characteristics, 
which are supposed to form the basis of colour, fluorescence, and 
phosphorescence. A comparison of luminescent compounds indicates 
that they are mainly benzene derivatives and contain certain groups 

^ Die Auxochr<m», Ahrens' Vortriige, 1908, 12, 1. 
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which Kauffioiann tenns Umincphares. Benzene is tiierefore re- 
garded as the seat of luminescence in these compounds. But benzene 
itself is only feebly luminescent. The effect may be intensified in 
various ways : in the first place by the introduction of an auxo- 
chrome (an amino or hydroxyl group) ; in the second place by the 
multiplication of aromatic nuclei, especially condensed nuclei, such 
as naphthalene, anthracene^ Ac, and thirdly by the linking of nuclei 
with unsaturated carbon chains, as in stilbene and diphenyl- 
butadiene. 

C«H0. CH : OH . CflHj CeHj, CH :0H. CH :CH . CJEL^ 
Stilbene. Diphenylbntadiene. 

This property of luminescence appears to run parallel with certain 
other chemical and physical attributes. Strongly luminescent com- 
pounds, such as aniline and p-aminophenol, show a tendency to 
oxidise and form quinoid products, to undergo substitution and, 
generally, to exhibit unusual reactivity. They show, moreover, 
anomalous magnetic rotation (p. 809), and to a smaller extent 
anomalous molecular refractivity (p. 284). 

Other groups (NO2, CH3CO) produce a precisely opposite series 
of effects. These facts, according to Eauffmann, appear to indicate 
that in benzene, the seat of the phenomena, the energy of the 
molecule is differently distributed in its various derivatives, which 
may be represented by a difference of structure, and that there exists 
an ideal limiting condition of the nucleus towards which the most 
strongly luminescent compounds tend. 

This limiting or * D condition * is best represented by the Dewar 
benzene formula, or at least by that portion of it which consists of 
the pair of parallel double bonds. It is found that those physical 
and chemical characters which are most simply expressed by this 
structure are precisely those which favour luminescence. It may be 
represented by the following grouping: 



Assuming Thiele's theory of partial valencies (p. 69), Eaufi&nann's 
idea may be put in this way : that auxochromes and those groups 
which act as auxochromes are such as, by their manner of linking to 
the benzene ring, demand more than a whole valency. This will 
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explain the feeble luminescence of benzene as compared with that of 
naphthalene and anthracene^ 





i > : I 

the lamineBcenee produced by an unsaturated carbon chain, 



•0°-*'=0>- 



and by tbe introduction of amino and hydioxyl groups. 




These views are more fully developed in the section on fluorescence 
(p. 885). 

The auxochrome theory, contrary to that of Hantzsch (of isomeric 
change accompanying change of colour) makes no assumption 
as to interaction of auzochrome and chromophore, except in so 
far as residual affinity of the auxochrome tends to produce a D 
condition of the nucleus. Benzene is optically coloured, for it 
produces a banded spectrum in the ultra-violet. If auxochromes 
are introduced, the effect is to shift the absorption towards the red 
and thus produce visible colour. By passing from benzene to naph- 
thalene and anthracene the bands shift more and more towards the 
red. Some of the absorption bands of nitrobenzene lie just within 
the visible spectrum, so that a weak auxochrome is sufficient to 
produce visible colour. These are precisely the views of Hartley ; 
but Eauffmann explains in addition the cause of the shifting, which 
Hartley does not define. The latter considers that both auxochromes 
and chromophores produce their effect by virtue of their residual 
affinities, which correspond to Thiele's partial valencies. The greater 
the residual affinity binding auxochrome and chromophore to the 
nucleus, the more intense the colour. 
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How then does it come about that the free nitrophenols are offcen 
more deeply coloured than their ethers, in spite of the &ct that alkyl 
groups often enhance the auxochrome effect? In the case of ortho 
nitrophenol neither Hantzsch's theory of isomeric change nor that of 
solid solution nor of dissociation is free from objection. Eauffmann 
explains it as follows : the oxygen and nitro group are conjugated to 
the nucleus, leaving the oxygen with a residual valency, whilst the 
ionisable hydrogen is simultaneously joined to both, 

O^^ ^H 

•^ ( 

vwN=0 



which implies a division of the hydrogen valency. The larger, 
therefore, the amount of hydrogen valency absorbed by the oxygen of 
the nitro group, the more of it will be at the disposal of the benzene 
ring for binding the hydroxyl oxygen, so that the latter derives an 
increased activity as auxochrome. As more valency is at the same 
time free for linking the nitro group to the nucleus, the two groups, 
auxochrome and chromophore, will combine to deepen the colour. 
Metals may behave like hydrogen, but the distribution of valency 
will probably be of a different character, and so the colour effect may 
vary from salt to sali Alkyl groups, on the other hand, are less 
mobile, and mutual reinforcement of auxochrome and chromophore 
does not take place. 

Indicators. Ostwald,^ in applying the ionic theory to analysis, 
advanced a new theory of indicators, which may be explained as 
follows : an indicator is a substance which forms coloured salts and 
has a weak basic or acid character ; that is, it is slightly ionised in 
solution and its organic ion has a different colour from that of the 
non-ionised molecule. Its sensitiveness will depend upon the amount 
of ionisation. The fewer the number of ions, the more delicate will 
be the indicator on addition of base or acid. For, supposing the 
indicator to be the salt of a weak acid, it will ionise into coloured 
organic and metallic ions. The addition of a rather stronger acid 
introduces a number of hydrogen ions and, according to the mass 
law, vrill diminish the amount of ionic dissociation of the organic 
molecule and so cause a change of colour. But a weak acid must 
be used in conjunction with a strong base; otherwise hydrolytic 

1 ZeU, physik, Chem., 1892, 8, 679 ; see also T%e Foundations qfAnalyticdl ChmUtry^ 
W. Ostwald. Maemillan. 
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decomposition may occur and the change will be indistinct. A good 
example af a weak acid is phenolphthalein, which is nearly colourless 
in the non-ionised state, but whose ion, according to Ostwald, is red. 
A solution of the sodium salt contains the coloured organic 
and sodium ions. The addition of a strong acid, such as hydro- 
chloric acid, which is highly ionised will diminish the amount of 
ionic dissociation of the indicator and the phenolphthalein will pass 
into the colourless non-ionised condition. Phenolphthalein is more 
serviceable for acidimetry than for alkalimetry, for in the latter case 
it can only be used in conjunction with the stronger bases for the 
reason given above. 

Methyl orange, on the other hand, is a moderately strong acid 
whose ion is yellow, whereas the non-ionised molecide is red. The 
aqueous solution of the free acid is perceptibly ionised, but, on 
addition of a trace of strong acid, ionisation is diminished and the 
red colour of the non-ionised molecule appears. But if the acid is 
weak, that is, slightly ionised, sufficient ions are not produced to 
visibly affect the number of organic ions, and an excess of acid will 
be required to produce a change of colour ; in other words, the end- 
point will be indistinct The selection of the indicator will therefore 
depend upon the nature of the base or acid to be estimated. 

This view of ionic dissociation receives substantial support from 
the fact that the salts of a coloured acid with a series of colourless 
bases gives the same coloured solution, and similarly with the salts 
of a coloured base with different acids. That the colour of an ion is 
intimately associated with its ionic change seems to follow from the 
colovr of ferrous and ferric salts, which contain the differently 
coloured ferro and ferric ions, from that of the ions of manganates 
and permanganates, and from the colour of the halogens and their 
colourless ions present in the halogen acids. In the last case the 
halogen is molecular in one case and atomic in the other, and the two 
are therefore not strictly comparable. On the other hand, little 
difference in absorption in the ultra-violet has been observed between 
the slightly dissociated acetic acid and the highly dissociated salts. 
Further, many colouring matters retain their colours in the solid 
state. This applies to the alkali salts of phenolphthalein and jp-nitro- 
phenol. Nor does the ionic theory explain the disappearance of colour 
when a solution of phenolphthalein in alkali is made more strongly 
alkaline and its reappearance on neutralisation of the free alkali 

The discharge of the colour of certain indicators by the addition 
of ionising solvents, such as alcohol, is out of all proportion to the 
de-ionising effect and, further, the non-ionising solvents will often 
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produce lem deeoloariaation than those which are known to produce 
ionieation. If colour is due to ionieation, depth of colour should not 
follow Beer's law (p. 829), that is, it should not vary proportionately 
with dilution, and an ionising solvent should produce a diflEerent 
effect on dilution from that of a non-ionising solvent ; but neither 
condusion is supported by experimental evidence.^ 

The other theory of indicators is a chemical one. The notion that 
change of colour is accompanied by a change of structure has been 
suggested by many observers : by Bemthsen and FriedlAnder, and 
more recently by Stieglits,* Hantzsch, Kremann,' and Bredig/ The 
change of structure of aliphatic and aromatic nitro compounds on the 
addition of alkali has been very fiilly discussed (p. 856). The same 
reasoning has been applied to the colourless and coloured pseudo 
and true bases of the triphenylmethane series (p. 866). The chief 
evidence against such a view is of a physical rather than of a chemical 
nature, and is mainly based upon the absorption spectra of the parent 
substances and their derivatives (p. 862). Assuming that change of 
colour, at least in certain cases, is an indication of change of structure, 
the fact will explain among other things the slow colour change of 
certain indicators. Change of structure implies a time reaction, 
whereas ionisation should be instantaneous. This is veiy strikingly 
seen in the case of phenolphthalein. With caustic soda it gives a red 
solution which becomes colourless on further addition of alkalL The 
loss of colour, which takes place slowly with dilute alkali but does 
not occur on the addition of a neutral salt containing a common 
metallic ion, is difiScult to explain on the ionisation hypothesis. 
Moreover, the colourless alkaline solution may be neutralised with 
acetic acid in the cold without apparent change, and the colour only 
returns on heating, as Ghreen and Perkin have shown." These results 
may be very simply explained by change of structure from the 
colourless lactone to the coloured quinoid form. On further addition 
of alkali the coloured quinoid passes into the colourless carbinol salt 
and its colourless acid. 



C,HtCO 


CeH^.COONa 


C,H4.000N8 


i_i 


i 


C.OH 


'6^4 C^H^OH 


HOCjrii^ OgH^tO 


H0C«H; C8H40Na 


Colourless 


Coloured 


ColourlMS 


lactone. 


quinoid. 


carbinoL 



1 Ber., 1906, 89, 4169 ; 1908, 41, 1161. > J. Amer, Qmi, Soe., 1903, 26, 112. 

> Ztii. anorg, Chm,, 1908, 88, 87. « Zeit. tmorg, Chm,, 1908, 84, 202. 

B Proc. Ckem, Soc., 1904, 20, 60. 
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The change has been followed by Hantzsch and Meyer ^ by 
observing the conductmty. Moreover, Oreen and King' have 
obtained the methyl ester of phenolphthalein and of its methyl 
ether, which are orange or red and are therefore assumed to correspond 
in structure to the sodium salt 

CoH^ . COOOH3 CeH4 . COOOH3 





CHaO.CeH^ OeH^rO H0CflH4 OeH^rO 

Orange. Bed. 

This view explains also the fact that whereas alcohol decolourises 
the ammonium salts of phenolphthalein, it has no such effect on its 
ester, for lactone formation can occur in the one case, but not in the 
other.' A further proof of the above structural differences is the 
existence of a lactone methyl ether, isomeric with the ester, which is 
colourless. 

OeH^.CX) 

c o 

CHaOCeH^ CeH40CH3 

This should, according to the former view, form a coloured alkali 
salt, whereas the addition of caustic soda gives a colourless solution, 
which is taken to be the carbinol compound. 

A very similar series of observations have been made by Meyer 
and Marx,* who obtained by the action of ethyl iodide on the silver 
salt of tetrabromophenolphthalein a yellow diethyl ester which 
easily passes into the colourless isomer. 

CeH4 . CO CeH^ . COOCaH^ 

C A C 

/\ /\ 

CaHsOCeHjBrj OeHjBraOCaHa C^UfiOfiEJir^ CeHaBrjiO 

Colourless. Yellow. 

Hant299oh's researches' have shown that derivatives of amino- 

1 Ber., 1907, 40, 8480. 

> B»r., 1906, 88, 2865 ; J. Soe. Chem. Ind., 1908, 27, 4. 

s Meyer and Spongier, Ber,, 1905, 88, 1818. 

* Ber.f 1907, 40, 1414. 

• Ber., 1908, 41, 1171; 1909, 42, 2129. 
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arobenzene exist in two isomerie forms, an orange and a violet, 
which correspond to an aso and a quinone type (see p. 861). 



HjN/~\N:N/~\ HN= 



'<3 



=N.NH< 

Ajeo type. Quinone type. 

In the same way, two corresponding series of sulphonic acids 
are known, having an orange and violet colour. All the alkali salts, 
such as methyl orange (sodium dimethylaminoazobemsene sulpho- 
nate), are oiange as well as the free sulphonic acid, whilst mono- 
methyl- and dimethyl-aminoazobenzene sulphonic acid are violet 
The two forms were originally represented as follows : 



Orange. 



(CH3),N=K^~\=N . Nh/~J>SO,0 



Violet 



That the change of colour corresponds to two different structural 
forms seems to follow from the correspondence in the absorption 
spectra. Methyl orange gives the * azo spectrum '• The free acid, 
which is violet in the solid state and dissolves with an orange colour, 
also gives the 'azo' spectrum, which is taken to indicate that 
isomeric change occurs on solution, whilst the addition of strong 
hydrochloric acid produces a change to violet and at the same time 
a 'quinone' spectrum. Hantzsch represents these changes as 
follows : 

CeH^.SOs CeH^.SOaH 



CflH^SOa 

NH 



N 



H,0 



N 



CeH,:N(CH3)a 

SoUd 

(Quinoid) 

Violet 



N 
CeH,N(CH3), 



-*. N 



NaOH 



N 



CeH,N(CH3)a 



Solution. 



CeH^SOaNa 

N 

I 

CH^NCCH;^. 

Solid solution. 



(Azoid) 
Orange. 



The action, then, of methyl orange as indicator is as follows : the 
addition of acid will set free the sulphonic acid from its yellow 
sodium salt, which in aqueous solution will be mainly azoid in 
equilibrium, with so small an amount of the quinoid form that 
the latter is negligible. As the sulphonic acid is a weak acid. 
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feebly ionised, and is, moreover, used in very dilute solution, the 
addition of a stronger acid will so far increase the number of 
hydrogen ions as to convert nearly all the orange azoid compound 
into violet quinoid molecules, and so bring about a change of colour. 
The answer to the question as to whether the change of colour 
on the addition of hydrochloric acid is due to the hydrochloride 
or the free sulphonic acid seems to follow from the unstable nature 
of the former, which only separates in presence of strong hydro- 
chloric acid, and possesses a violet and therefore a quinoid character. 

Ca(CH8)2N : CeH^ : N . NH . CeH^SOjH 

FLUORESCENCE 

When light falls upon a substance, some of it may be reflected 
unchanged, some may be converted into heat, and some may be 
emitted in the form of light waves. According to Stokes (1852) the 
emitted waves have a longer period than those which are absorbed 
(Stokes's Law), but this has proved not to be invariably the case. 
Ultra-violet light, for example, will cause a solution of quinine 
sulphate to fluoresce with a blue colour, that is, with one of longer 
wave length, but, on the other hand, fluorescein, eosin, &c., emit 
light of shorter wave length,^ whilst the absorption and fluorescent 
spectra of iodine vapour are the same. 

If the effect ceases as soon as the source of light is withdrawn, the 
phenomenon is known bb fluorescence ; if it continues for a longer or 
shorter period after the stimulus ceases, it is called phosphorescence. 
The two merge into one another, and there is no sharp line of 
demarcation, as Becquerel showed by means of his phosphoroscope. 

Fluorescence may be observed in many substances, solid, liquid, 
and gaseous. Fluor-spar and uranium salts are familiar examples of 
solids which become self-luminous with characteristic colours under 
the influence of light ; paraffin oil and an acid solution of quinine 
give out a blue light ; solutions of fluorescein emit green light, and 
eosin and chlorophyll red. Iodine, sodium, anthracene, indigo, &c., 
in the form of vapour also fluoresce. It will be seen that fluorescence 
is not restricted to any physical state nor confined to any parti- 
cular position of the spectrum. The emitted light was naturally 
observed first in the visible spectrum, but Stark has shown in the 
case of several aromatic hydrocarbons that it may occur in the 
ultra>violet region and will probably be foimd also in the infra- 
red. Moreover, there exists a limited range of waves peculiar to each 
1 NiohoU and Meritt, PhuticcU R$vi$w, 1904, 19, 18. 
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fluoreaoent subrtanee which can excite fluoreecenee, and a com- 
paratiyely small nmge of wares is emitted having a well-marked 
maTimnm of intensity. This maximum corresponds to a maximum 
in the absorption curve ; but, as there is a shift in the emission 
spectrum, the curves do not overlap, but lie side by side and dove- 
tail into one another. Selective absorption of waves of definite 
wave length by fluorescent substances is readily demonstrated by 
directing a beam of light on to the surface of a quinine solution. It 
is only at the surface that the blue colour is perceived. The 
light is there robbed of the vibrations which produce the effect ; 
for on entering a second layer of the same solution no fluores- 
cence is visible. But if the second solution is replaced by one of 
eosin a green fluorescence will be produced at the surfiuse as ttiese 
waves have been transmitted by the first solution. 

The nature of the solvent has a definite effect on fluorescence. 
Under its influence, fluorescence may be intensified, diminished, 
or made to vanish. Fluorescein fluoresces strongly in alkaline 
solution, and there is a gradual diminution of fluorescence with the 
solvents taken in the following order : methyl alcohol, pyridine, and 
acetone, disappearing completely in the last. 

o-Aminocinnamic ester fluoresces with a violet colour in ligroin, 
blue in benzene, and green in alcohol ; that is, with a longer wave 
length the higher the dielectric constant of the solvent Concen- 
tration also affects fluorescence, which may be intensified or 
weakened by dilution. The action of the solvent has received no 
complete explanation. 

It has been stated that the absorption of light is associated with 
the vibration of the valency electrons by a process which may be 
compared with that of resonance ; but it is not easy to see why 
a particular set of light waves should give rise to vibrations of 
a different period such as occurs in fluorescent substancea More- 
over, the fact that phosphorescence is only a special kind of 
fluorescence makes the notion of resonance improbable ; for it im- 
plies that the vibrations of the electrons are continued sometimes 
for hours after the stimulus is removed. It seems more probable, 
as Wiedemann' suggested, that under the stimulus of the absorbed 
light an actual chemical change is effected by a temporary dis- 
placement of the atoms within the molecule or of a group of atoms. 
Hallwachs, who in 1888 observed that ultra-violet is capable of 
discharging a negatively charged metallic plate or producing in 

* Wiedemann, Atinakn, 1895, SS, dOl. 
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a neutral plate a poeitiye charge, gave the due to the present 
explanation.^ 

In terms of the electronio theory, the violent vibration excited 
by the absorbed light may detach an electron from one kind of 
atom and transfer it to another.' The new arrangement may be 
stable and produce a new substance (see p. 842), or unstable, when 
a more or less rapid change to the original position may occur. 

This reversion will set up vibrations having a characteristic 
period, which will cause fluorescence if the reversion is rapid, or 
phosphorescence if the process is prolonged. It might be supposed 
that such a transition would be assisted by rise of temperature, and 
numerous cases are known in which it will revive or intensify the 
luminosity of phosphorescent substances, such as calcium sulphide, 
but it is also found that many compounds — acetophenone, benzo- 
phenone^ diphenyl, &c — ^which do not fluoresce at the ordinary 
temperature will do so when cooled in liquid air (—180^. It is 
possible that the phenomenon associated with differences of tem- 
perature may depend on exothermic or endothermic changes. 

The Belation of Fluoresoenoe to Stmoture. We have now 
to try and discover if any relation subsists between fluorescence 
and structure. From the similarity in the nature of selective 
absorption and fluorescence such a relationship seems highly 
probable, and there is little doubt that it exists. 

Like banded absorption, fluorescence reveals a banded spectrum, 
which has been chiefly observed among members of the aromatic 
series and affords further evidence of close relation between the two 
phenomena. 

A veiy full list of such substances is given by Kauffinann.' It 
includes an extraordinary variety of compounds, the greater number 
consisting of condensed homo- or hetero-cyclic complexes, often 
containing certain characteristic groups. 

A number of theories, both statical and dynamical, have been 
suggested by different observers, which, if they do not throw any 
very clear light on the phenomenon itself, serve at least as useful 
generalisations under which a very large number of fluorescent 
substances may be dasaified. It should be pointed out that the 

1 Drude, Z»U.f. metrochmie, 1904, 14, 677, 986. 

' It was foand later (Stark and Steabing) that oxganie componndB, including 
flaoreaoent 8ab8tanoea,behaYed 8imilarl7,and a oorrent was set up by illominatinff 
a aenaitiye electrode in a oondaoting liquid. Light cells have been constructed 
on this principle. 

* Die BetUkungm moieehM FtuMrueen» und cKemiKher KotutUuHon, Ahrens' VcfrMge, 
1907, U,l. Enke, Stuttgart. 
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theories are esaentially qualitative in character. There is no at- 
tempt at connecting the nature, position, or intensity either of 
absorption or emission spectra with any particuhu* atomic group- 
ing. It follows, therefore, that the reverse process of ascertaining 
structure by a study of fluorescence is at present out of the question. 

B. Kejvr's Theory of Fluoresomce and Stmotnre. Liebermann 
(1880) was the first to attempt to correlate fluorescence with structure. 
The subject was then taken up by R Meyer.^ Fluorescence, accord- 
ing to the latter, is determined by the presence of certain groups 
which are termed flmrophorea. They are ring complexes of the 
following types : 

CH CH CO N N N 




such as are found in anthracene, acridine, pyrones, azines, ozazines, 
and thiazines. The fluorophore is not, however, sufficient to pro- 
duce fluorescence. It must be associated with dense atomic com- 
plexes, an arrangement which may be illustrated by the following 
examples: 

O O 

Ho/YN/NoH 









C,H,/\) 0,H,<(\0 

CO CO 

Flaoresoein. Fluonme. Phenolphthaleiii. 

Diphenylpyrone in strong Bulphurio acid and naphthalic anhy- 
dride are also fluorescent for the same reason. 



9 Oc/\30 

C.h/ >OeH, I 




Diphenylpyrone. Naphthalic anhydridcw 
1 2kU.physik, Ck^m., 1897, 24, 468. 
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The theory, it will be seen, resembleB Witt's chromophore 
theory of colour, in which the fluorophore, like the chromophore, 
is not itself responsible for the particular phenomenon of which 
it is the seat, but only becomes so in association with other groups. 

The theory is, however, complicated by the fact that the fluor- 
escence is greatly influenced by the nature and position of the 
Bubstituents in tiie nuclei associated with the fluorophore. The 
fluorescence of fluorane is diminished by introducing two hydrozyl 
groups into the two benzene nuclei in the meta position to the 
pyrone oxygen, and completely destroyed by their introduction 
into the para position. .Chlorine atoms, nitro and methyl groups 
in the meta and para positions also diminish or remove fluores- 
cence. Moreover, fluorophores are not essential to fluorescence. 
Diphenyl has a weak fluorescence, i)-diphenylbenzene is stronger. 
The theory is obviously lacking in essential details. 

Zanflkiiann's Theory. These details have been supplied by 
Kauffmann,* who has modified Meyer's theory in the following 
way. Eauffmann finds that Meyer's fluorophores have the property 
of luminescence ; that is, they can be excited when vapourised by 
the Tesla discharge, or in the solid state by exposure to ft rays,' so as 
to emit light. The nature of the substances possessing this 
property has already been discussed (p. 873). It is usually asso- 
ciated with cyclic structures, but is occasionally found among 
carbonyl compounds. The luminescent substance is termed a tumino- 
phore. In order that the property of luminescence may be trans- 
formed into that of fluorescence, other atomic groups, fluorogens, 
are necessary. The fluorogens correspond roughly with the chromo- 
phores, and include carboxyl, carbonyl, cyanogen, and acrylic acid 
groups, the ethylene bond and conjugated ethylene bond, the benzene 
ring and the ortho- and para-quinoid ring, the azomethine group 
and conjugated azomethine ring, &c. 

N 




Azomethine ring. 

To return to the luminophore or luminescent substance. Benzene, 
though the seat of luminescence, is not of itself a luminophore. 

1 Die Auxochromey Ahrens' VortrOgef 1908, 12, 86. 
> Ber., 1904, 87, 2946; Annalmy 1906, 844, 84. 
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It requires the introduction of auxochromes^ that ia^ of amino and 
hydroxy! groups, alone or modified by the introduction of alphyl 
and aryl radicals. Acyl groups and salt formation destroy 
the effect of the amino group, and a metal in place of hydrogen 
that of hydroxy!, but ring formation, of which the auxoduome 
forms part, does not Fundamental types of luminophores are 
aniline and quinol, which luminesce strongly. The same result 
may be produced by multiplying the number of benzene nuclei, 
as in diphenyl, and more especially of compact groups of nuclei, 
as in naphtlutlene, anthracene, &c., which are strongly lumines- 
cent, though not so active as the single nucleus with its auxo- 
chrome. Pyridine and tetrahydroquinoline carboxylic acid are 
luminescent, and so are many other simple ring compounds. 

The fundamental idea underlying Eauffinann's theoiy has already 
l)een referred to (p. 878). The property of luminescence, and conse- 
quently of fluorescence, is dependent on a peculiar state of the 
benzene nucleus which is the seat of the phenomenon. In every 
benzene derivative the ring is supposed to be in a condition 
peculiar to that compound, but certain ideal extreme conditions 
may be imagined which give rise to characteristic properties. One 
of these ideal limits may be represented by Dewar's formula 
for benzene, where the substance is said to be in the 'D con- 
dition' and is then characterised by (1) maximum reactivity, 
(2) maximum tendency to form quinoids by oxidation, (8) maxi* 
mum anomalous magnetic rotation,^ and (4) maximum luminescence. 
This state is highly developed in dimethyl^p-phenylenediamine and 
nearly absent in nitrobenzene. 

The limiting D condition is then Dewar's benzene formula with 
a mobile para bond, such as Thiele's theory of partial valencies 
might present. 



(B 

Dewar^B formula. Thiele^s formula. 



Admitting that luminophores are in the D condition, a number 
of empiric rules may be laid down in regard to the effect of 
auxochromes in producing this condition. Amino and hydroxyl 
groups tend to do so, depending on the strength of the auxochrome. 
If more than one is present, they only reinforce one another when 
^ Zeit phyiik. Chm.j 1906, 66, 647. 
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in the para position, aa^ for example, in dimethylquinol. This 
possesaes the highest lominesoence of aU hydroxy derivatiyes. 
When the auxochromes are in the ortho or meta position they 
act in opposition, and consequently the action of auxochromes is 
not necessarily additiya The strongest luminophores contain para 
auxochromes. In these compounds weak fluorogens can excite 
fluorescence. This fact explains why derivatiyes of quinol, p-sunmo' 
phenol, andi)-phenylenediamine are so frequently fluorescent. 

Suppose the fluorogen F to occupy the para position to one of 
the auxochromes A^ and there is a second auxochrome A^, two 
arrangements of the three groups are possible. 





The fluorogen may tend to produce or suppress the D condition ; 
but it is only in tibe former case that fluorescence is possible. 
These empiric propositions haye been laid down by Eauflmann 
under the term ' the law of distribution of the auxochrome.' The 
ethylene bond promotes this state like an auxochrome. Hence 
stilbene and the coumarins are fluorescent. 

/\-CH=CH 

I 
-CO 



<z>'^=^-<z> Q^j 



Stilbene. Coumarm. 

Carboxyl has the reyerse effect when in the para position, but 
produces fluorescence in the ortho position to the auxochrome. 
Anthranilic add fluoresces, but not the para compound. That the 
parallel double linkage of the Dewar formula is responsible for 
luminescence, and therefore for fluorescence, is seen in certain 
hydropyridine carboxylic esters such as dihydrocoUidinedicarboxylic 
ester, which has a strong and characteristic fluorescence. 

CH3 

m 

CjHjOOO . Qj^ i|0 • OOOCjHa 




CH3.C«^ IICCHs 

DihydroooUidlnediearboxylic ettor. 
ce2 
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Other ezAinples of the same thing are suoeinosuoeinic eater and its 
imide, A'** diohlorodihydroterephthalio estw, tetraphenyl'^xylylene, 
*«• C.H^ y,^ XI,H, 




C,H./ \ " 



'6"« 



Tetraphenyl-p-xyljlene. 

Thus, the D condition of the nucleus oorresponds to Meyer's 
fluorophore (p. 884). 

Some compounds, such as the quinones, which contain parallel 
double bonds and yet do not fluoresce, have not yet receiyed any 
satisfactory explanation ; but it may be that the light energy is for 
some reason utilised in producing colour rather than fluorescence. 

Eauffioiann has made a large number of experiments on deriva* 
tiyes of quinol dimethyl ether, containing a side-chain, in order 
to determine in what respect substitution in the side-chain affects 
fluorescence. He explains the results by Thiele's theory, namely, 
that the stronger the partial valency which attaches the side-chain to 
the luminophore, the greater the fluorescent intensity. The follow- 
ing examples will make this clear : 

OCH3 qcH, 

wC=CH^:K3eH5 



A: 




Non-fluorescent. 



OCH, 




l=^-C«H,, 



'H3 

JCHs 

Fluoroaoent. 

pOHa 

j^^C— CH2 . CgHg 



OCH, 

Fluorescent. Non-fluorescent. 

OCM3 OCCLs OCM3 

r (Ju U i 

3H8 OCH, OCH3 

Fluorescent Non-fluoresoent. Fluorescent 

In reviewing the foregoing it will be seen that whereas bensene is 
the seat of fluorescence, the latter is only excited by the presence of 
two kinds of groups — ^the auxochrome and fluorogen — ^which must 
be introduced in certain positions. The luminophore, or that which 
produces luminescence, is determined by the insertion of an auzo- 
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chrome ; finally, the subsequent Introduction of a fluorogen causes 
fluorescence. The fluorogen appears at times to play the part of an 
auxochrome, and it is difficult to differentiate clearly the functions of 
the two ; but it is assumed that the general tendency of both is 
to create a particular condition of the benzene ring, which is repre- 
sented by the Dewar formula. 

Since Stark's discovery * that benzene fluoresces in the ultra-violet, 
experiments have been instituted by Stark and Meyer, Ley and 
others ' with the object of tracing the influence of substituents by 
observing the change in the character and position of the fluorescence 
in this region of the spectrum. Francesconi and Barghellini have 
shown that every substituent modifies the spectrum and shifts 
it towards the visible region. At the same time the intensity is 
affected by the substituents, which may either increase it (auxoflores) 
or diminish it (bathoflores). Among the auxoflores are the two 
auxochromes and their alphyl and aryl derivatives. Alkyl groups act 
as auxoflores without shifting the position of the bands. The other 
auxoflores, OH, OCH3, NHg, CN, COOH, CH :CH, shift the bands 
towards the visible region. Among the bathoflores are nitro groups, 
which entirely destroy fluore8cence,as others had previously observed, 
and also the halogens, CH3, CO, and N : N, which weaken it. The 
effect of salt formation has been studied in the same manner. The 
line of investigation, by connecting absorption and fluorescence with 
structure, has a special interest, but has thrown little fresh light 
on the phenomenon. According to Stark' the auxoflores loosen 
the valency electrons, the bathoflores produce the opposite effect. 

Kewitt's Theory. Finally, Hewitt's theory^ should be mentioned. 
Like Baly's theory of banded spectrum, which is an indication of 
oscillatory motion or electronic activity within the molecule, or 
Baeyer's theory of colour, it is based upon dynamic isomerism. 
Fluorescence is conditioned by a process of oscillatory tautomerism, 
or rapid vibration between tautomeric forms, of a peculiar kind, 
found among a certain class of substances capable of exhibiting 
what has been termed double symmetrical tautomerism. 

The two modifications absorb and emit alternately light rays 
of different period. The operation may be compared to the swing of 
a pendulum, which once displaced would in the absence of firiction 
continue to swing indefinitely. Thus, fluorescein can be represented 

1 Stark and Meyer, Physik. ZeiL, 1907, 8, 250. 

* Z0it, physik. Ohem.^ 1910, 74, 1 ; Ber., 1908, 41, 2988. 
3 Zeit physik. Chmn.j 1900, 84, 1. 

* Tmn8. Chem, Soc^ 1907, 01, 1251 ; Zsif. physik. CAm., 1900, 84, 1. 



Digitized by 



Google 



890 



OOLOUB AND STBUCTURE 



in two Uutomeric fonns— a lactone and quinone totm — between 
which oeciUati<Mi is suppoaed to take plaoe. 

O 



'\ 




OH 



C.H,<>H N"^ .0 



-xxjr 



H 
A, 



C,H,<f>0 

The phases are represented by the formulae A, B As* Each 
swing passes from Aj through B to A2 and back again, and at Aj and 
A2 energy is alternately absorbed and emitted The process differs 
from ordinary dynamic isomerism inasmuch as the substances 
causing fluorescence are identical at the beginning and end of the 
swing, and moreover the intermediate position must present a sym- 
metrical complex, otherwise one might expect all dynamic isomers to 
show fluorescence ; for in a state of equilibrium they may be supposed 
to oscillate between the two forms. 

Many fluorescent compounds, already refei*red to, will be found to 
fulfil these conditions. Anthracene, for example, will oscillate between 
the following phases : 







Fluorane, which does not fluoresce in alcoholic solution, is found 
to do so when dissolved in strong sulphuric acid. 

SO4H H SO4H 8O4H 




CoH,<(^OH C. 





C6H,<^0H 
00 
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The fluorescenoe of diphenylpyroney which appears when the 
substance is dissolved in strong sulphuric acid, has received the same 
explanation. 

H SO4H SO4H 

Y i 

^ Y ^ 

O OH 

In case the intermediate phase does not represent a symmetrical 
structure^ fluorescence is not produced, and this is supposed to account 
for the absence of fluorescence in the unsymmetrical dimethylfluores- 
cein, whereas the symmetrical compound fluoresces. 





Ho/YYY^ 

GH3 C GH3 

CO 

FluorMoent. 



HO C CH5 

C.H,<Q>0 

Non-fluoreacent. 



Similarly, acridine yellow fluoresces strongly, whilst chrysaniline 
produces only a feeble effect. 

N N 




Acridine yellow. 




The intermediate phase will have a symmetrical structure in the 
first case, but only half symmetrical in the second. 

Phenosafiranine hydrochloride gives a yellowish red fluorescence in 
alcohol ; but aposafranine hydrochloride, in which one of the amino 
groups is absent, does not. 
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NH, 



C,H, Cl 



C,rif CI 



PhenoMfhiiiine HCl 
(intermadiato phase) . 



Aprosafranine HCl 
(intermediate phase). 



The theory is not without its weak points. There are, for example, 
substances which fulfil the conditions required by the theory and 
which nevertheless do not fluoresce. There is no apparent reason 
why phenolphthalein should not, for it can exist as lactone and 
quinone and has a perfectly symmetrical structure, and the same 
applies to tetranitrofluorescein. Then again, it has been shown that 
if the mobile hydrogen is replaced by an alkyl group and tautomerism 
thereby suspended, fluorescence may still remain. 

Beferekces. 

Die Beziehungen etciacken Farhe und KonstUuHon bet organiscKen Verbindungenf by 
H. Ley. Hirzel, Leipzig, 1911. 

Farbe ttnd KontHtutum, by H. Eauffmaxtn, Ahrens' FortrSge, 1904, 9, 

Die Auxochrwie, by H. KaufTmann, Ahrens* Vortr&gt^ 1908, 12. 

DU Beziehutigen eunachen Fluonacene und chemiacher KonstihUion, by H. Eauffmann, 
Ahrens' Vortr&ge, 1907, 11. Enke, Stuttgart. 



PHOTOCHEMISTRY OP ORGANIC COMPOUNDS 

It has ali'eady been pointed out that the absorption of light is 
accompanied by the production of heat, fluorescence, or phosphor- 
escence, or may go further and bring about definite chemical changes. 
There seems little doubt that these phenomena are closely correlated 
and may be explained by a temporary or permanent redistribution 
of the electrons. Before discussing more fully the principles which 
underlie photochemical action it may be convenient to consider the 
nature of the change. 

The action of light as a bleaching agent has long been recognised, 
as well as its e£fect in changing the colour of certain minerals. The 
earliest definite record of its chemical action seems to have been 
made by Schultze in 1727, who noticed its effect on silver salts. 
The subject was taken up again and more fully investigated by 
Senebier in 1782. Its application to the pictorial reproduction of 
objects was utilised by Davy and Wedgwood in the early part of the 
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nineteenth century, who thus laid the foundations of the photographic 
process. The absorbing technical possibilities of this process, its 
remarkable success and widespread application, diverted attention 
from the wider and more purely scientific aspect of the phenomenon, 
and it is only in recent years that its systematic study has claimed 
proper attention. Apart from the records of its e£fects and an 
examination into the dynamics of a few special reactions, the theory 
of photochemical change has not advanced very far. Certain 
generalisations of fundamental importance have, however, been 
reached. In the first place, it must be recognized that the action of 
light is not confined to the visible spectrum, but covers a range 
extending from the shortest R(^ntgen rays to the long electrical 
Hertz waves. 

Plotnikow in his Photochemie^ postulates the following three 
photochemical laws. The first was discovered by Theodor v. 
Orotthus' in 1818, who showed that those bodies must act most 
strongly on a given coloured light (or vice versa) which, in their 
natural condition, exhibit the complementary colour. Twenty-four 
years later the same law was enunciated by Draper, and is known as 
* Draper's absorption law '. In referring to the union of hydrogen 
and chlorine under the action of light he says : * The quality gained 
by chlorine arises from its having absorbed thitonic rays, corre- 
spondmg in refrangibility to the indigo. It is not transient but 
a permanent property, the rays absorbed becoming latent and the 
e£fect lasting an unknown time.' Herschel in 1842 confirmed it by 
the observation that paper stained with di£ferent vegetable colours 
was bleached most rapidly in the part of the spectrum which showed 
the complementary colour. 

The second law states that photochemical action is proportional to 
the amount of light absorbed and is independent of the wave length. 
Timiriazew found in 1869 that the amount of carbon dioxide assimi- 
lated by green leaves corresponded to the region of largest absorption, 
namely^ the orange portion of the spectrum ; but the experimental 
proof was furnished by Lasareff,' who was able to measure with the 
aid of a thermocouple the light energy absorbed and determine by 
means of a spectrum photometer the rate at which colours were 
bleached in different parts of the spectrum. 

The third or simmiation law was formulated by Plotnikow in 1906. 
This observer found that hydrogen iodide is oxidised differently in 
the dark and in the light and was able to follow the reactions 

* Pfiotochemiey by J. Plotnikow. Knapp, Halle, 1910. 

2 Ostwald's Klassiker, No. 152, p. 101. • Ann. d, Physikf 1907, 24, 661. 
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independeuUy. He concluded from his results that when the 
substance is exposed to the light the two effects, that in the light 
and in the dark, are superimposed. 

Photochemical changes vary enormously in character ; for it will 
be easily understood that the absorption of light may act in many 
ways. It may increase the energy of the system or it may act, as it 
were, cataljrtically, setting free a certain amount of energy. In the 
first case a labile and reversible system will be produced ; in the 
second, one of greater stability which is irreversible. Photochemical 
reactions may therefore be divided broadly into two classes, the 
irreversible or catalytic light reactions, and the reversible reactions 
the result of which consists in the shifting of the equilibrium point, 
which in the dark reverts to its original position. The system, in 
this way, increases its internal energy in the light and loses it again 
in the dark. Theoretically, such a process could be utilised for doing 
work at the expense of the light energy absorbed, and is in &ct 
continually taking place when coal is burnt 

There is a third class of reactions which may be termed false or 
apparent photochemical equilibria, and may be illustrated by the 
following example : Luther and Plotnikow ^ found that if a solution 
of hydriodic acid and phosphorous acid is exposed to the light it 
turns yellow, from the separation of free iodina In the dark the 
colour disappears, but reappears again on exposure to light, and so 
forth. The explanation is that two reactions are going forward ; the 
first, which takes place rapidly in the light and is practically 
stationary in the dark, is due to the oxidation of the hydriodic acid 
to water and free iodine ; the second, which is slower and unin- 
fiuenced by light, is due to the oxidation of the phosphorous acid by 
the iodine and its conversion into phosphoric acid and hydriodic acid. 

2HI + = HjO + Ia 
H3PO8 + H2O + la - H3PO4 + 2HI 

Consequently there is an apparent reversion of the process in the dark, 
but as it depends on the presence of phosphorous acid is not strictly a 
reversible reaction. All three classes of reactions cover the photo- 
chemistry of organic compounds, to which we propose to confine our 
attention. 

It should be stated at the outset that light is capable of influencing 
every kind of chemical change, oxidation and reduction, addition and 
substitution, isomeric change and polymerisation, hydrolytic and 
electrolytic decomposition, precipitation and coagulation, &c. 

1 Zeit. phyaik. Ch^m,, 1908, 01, 518. 
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It may be asked, in what respect, if any, does the action of light 
differ from that of heat or other form of energy ? In the first place, 
photochemical changes, especially of the reyersible order, are usually 
associated with small energy changes, for the products differ little 
from the original substances in their heats of formation or com- 
bustion. Moreover, photochemical changes have, as a rule, much 
smaller temperature coefficients than ordinary chemical reactions.^ 
Whereas in ordinary chemical reactions a rise of l(f will increase 
the velocity 2 to 8 times or more, the same interval will, as 
a rule, only accelerate a photochemical change from 1 to 14 times. 
Dewar found, for example, that a photographic plate is sensitive to 
light at the lowest temperatures so far obtained. Then again, the 
course of photochemical reactions as well as the end products are 
different from those of ordinary chemical reactions. The equilibria 
of reversible photochemical reactions are also different, seeing that 
they only persist by absorption of light energy, whereas ordinary 
equilibria are produced in a closed system, and, finally, the catalysts 
of light reactions are distinct from those which are effective in the 
dark. A fundamental difference must therefore be recognized in the 
nature of light and dark reactiona It is now generally conceded 
that this difference is due to the detachment of electrons under the 
influence of light. The energy of the electron is much greater than that 
produced by heat alone ; for it is clearlyrecognized that it is only at high 
temperatures that heat reactions simulate those of light, a fact which 
also accounts for the small temperature coefficient of light reactions. 

Without entering into the dynamics of these reactions, which are 
treated elsewhere in this volume (p. 258), we will consider a few of 
the more interesting cases of photochemical change. 

Addition. Among the earlier observations connected with the 
effect of light on organic compounds are those which have reference 
to the formation or decomposition of halogen derivatives. The union 
of chlorine and carbon monoxide to form phosgene was first observed 
by Edmund Davy * in 1812. As change of volume accompanies the 
combination, the course of the reaction is easily followed. 

C0 + Cl8=C0Cla 

1 vol. 1 TOl, 1 vol. 

Wildermann' investigated the process in 1908 and found that, 
like hydrogen and chlorine, it exhibited an induction period and was 

* Goldberg, Ztit, phynk, Chem., 1W>2, 41, 1. • Phil Trans^ 1812, 30, 144. 

* ZeU. phfgik. Citem,, 1908, 42, 269. 
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highly senaitive to impurities. Moisture accelerates and oxygen 
retards the change. In the same year Dyson and Harden' inde- 
pendently arrived at similar conclusions. Weigert' took up the 
problem again in 1907 and found that the gases combine in the dark, 
but at ft high temperature, and there is no shifting of the equilibrium 
on exposure to light, which appears to influence equally the velocity 
of both reactions. 

This example may be taken as the first of a series of reactions in 
which the addition of halogens is influenced by light. 

Bauer and Hoser found that certain ethylene derivatives, such as 
stilbene and methyl stilbene, o-nitrocinnamic acid and cinnamic 
nitrile, absorb bromine more rapidly when exposed to light than in 
the dark. They also noticed that the heavier the radical attached to 
the unsaturated carbon, the less bromine is taken up. 

The union of benzene and o-xylene with chlorine and bromine in 
sunlight to form the hexachloride and bromide is another example. 
The dynamics of the reaction with benzene has been carefully 
studied by Slator,* who found that the velocity is proportional to 
the square of the concentration of the chlorine. 

Michael* examined the products of bromination of cinnamic and 
allocinnamic esters in the dark and light with interesting results. 
In the light 18 per cent, of the lower melting dibromide of the 
methyl ester was obtained, whereas in the dark the quantity increased 
to 87 per cent. 

Many of the defines, ethylene, propylene, &c., react with chlorine in 
i he dark, but more rapidly in the light* Acetylene unites slowly with 
chlorine, but only in the light, to form C-^H^Cls ; the absorption then 
proceeds more rapidly, with the formation of acetylene tetrachloride. 

A very interesting observation was made by J. Wislicenus* in 
studying the geometrical inversion of angelic and tiglic adds (see 
vol. i, p. 120). He found that unless bromination of angelic acid is 
conducted in darkness, it undergoes inversion into the bromide of 
tiglic acid, an equilibrium mixture resulting which contains angelic 
and tiglic dibromide in the proportion of 1 : 9. This introduces the 
subject of light as an agent in promoting isomeric change, which will 
be considered presently. 

Substitiitioii. The e£fect of sunlight in assisting substitution of 
hydrogen by halogens is a very general observation, which in a few 
cases has been carefully examined. 

1 Trans. Chem, Soc., 1908, 38, 201. « Ann. d. Phyaik, 1907, 24, 55. 

< Zeit. ph\f9ik. Chem., 1908, 45, 553. * Ber., 1901, 84, 8858. 

3 KOmer, Annalen, 1888, 283, 172. « Annalm, 1892, 272, 55. 
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The paraffins, the aromatic hydrocarbons, and such substances as 
acetic acid, ethyl ether, alcohol, &c., undergo rapid chlorination in 
the light 

The action of halogens on benzene and toluene has been the subject 
of repeated study, and, although the process has not yet been fully 
explained, a number of important facts have come to light, of which 
the following is a brief record. 

In the case of benzene, as we have just seen, addition occurs in 

sunlight in the absence of a catalyst ; on the other hand, substitution 

takes place in presence of a catalyst both in the light and dark. It 

has long been known that toluene undergoes substitution either in 

the side-chain or nucleus according to the conditions. Schramm^ 

found that when chlorine or bromine act upon toluene side-chain 

substitution takes place in sunlight at 0^ and at higher temperatures ; 

in di£fuse daylight and in the dark a mixture of o- and |>-chloro- and 

bromo-toluene results, and a similar e£fect is produced among the 

higher homologues. According to Schramm ' the most active rays 

are not the blue and violet, as one might expect, but the yellow and 

green. Side-chain substitution also takes place in the dark at the 

boiling-point of toluene.* On the other hand, the presence of catalysts 

(metals, metallic chlorides, iodine, &c.) induce nuclear substitution. 

Becent experiments of a quantitative character by HoUeman * and 

Bruner^ have shown that the relative proportion of bromine which 

enters the side-chain is not only increased by light, but in the dark 

is increased by rise of temperature and by dilution of the reacting 

bromine. It appears, moreover, that at the boiling-point of toluene 

(110^ moist chlorine in the dark produces nuclear substitution to the 

extent of nearly 90 per cent., whereas dry chlorine in the light 

increases side-chain substitution, yielding on the average about 

94 per cent of benzyl chloride.' Various explanations have been 

offered of this truly remarkable phenomenon, but it must be confessed 

that nothing definite is known about the mechanism of the process. 

Nor has the complexity of the phenomenon been simplified by 

Bruner's^ observation that side-chain substitution may continue after 

the light has been withdrawn. The action in this case has been 

traced to the presence of a catalyst, probably an oxidised bromine 

compound which can be destroyed by heat or by the addition of 

1 B$r.y 1885, 18, 850, 606, 1272; 1886, 19, 212. 

s BuU. Aead, ScietU. Cnmw, 1898, p. 61. 

' Cannizzaro, Compt rend.f 1855, 41, 517. 

« lUe. trao. cMm., 1906, 27, 485. 

B BuU. Acad. ScUnt. OracoWf 1907, p. 698. 

' Oohen, Dawson, Blookey, Woodmansey, Trans. Chem. See., 1910, 07, 1628. 

7 BuU. Acad. Seient. OracoWf 1910, pp. 516, 560. 
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iodine. In view of this fact it is easily understood that side-chain 
substitution should be promoted by the presence of ozonised oxygen 
in the dark, which may serve as halogen carrier; but it appears 
to contradict the observations of Luther and Goldberg,' who state 
that ordinary photochemical substitution is greatly retarded by the 
presence of oxygen. 

Light can not only cause substitution, but may have the reverse 
effect, and assist in separating the halogen from halogen compounda 
The discoloration which is so commonly seen when alkyl bromides 
and iodides are exposed to light is due to the separation of bromine 
and iodine. EasUe and Beatty' have investigated the dihalogen 
derivatives of benzenesulphonamide and found that not only do they 
lose halogen when exposed to light, but the chlorine, set free from 
the dichloro compound, can displace bromine and iodine from the 
other substituted products, such as iodoform, i^iodobenzoic acid, 
jHlibromobensene, &c. This replacement, except in the case of easily 
decomposable substances like iodoform, takes place only in the light 
and is little influenced by temperature. Chloroform and iodoform 
occupy a special position, since the action of light is largely deter- 
mined by the presence of oxygen, which brings about simultaneous 
separation of halogen and oxidation of the residue. Chloroform 
yields carbonyl chloride, hydrogen chloride, and some free chlorine, 
whilst iodoform behaves similarly, losing iodine and undergoing 
oxidation." 

<hddatioiL. The destruction or bleaching of colouring matters in 
presence of air and light is a common example of photochemical 
oxidation. That it is a direct or indirect effect of the action of 
atmospheric oxidation is proved by the fact that certain basic dye- 
stu£Bsi, which have been transformed into their colourless leucobases 
by reduction, exhibit their original colours on exposure to light and 
air. The velocity of the change may be increased by the presence of 
moisture and the addition of certain metallic salts, and the process is 
sufficiently rapid to be applied to colour photography. By making 
a suitable mixture of leucobases and exposing them to the light 
a coloured photograph is produced.^ 

But the dyestuff on further exposure loses its colour and then 
undergoes more fundamental chemical changes. It is a curious fact 
that the dye itself may act as catalyst^ as Oros' has shown, and 
assist the oxidation. 

1 Zttt. phw8ik, Ch$m., 1906, 60, 48. * Am$r. Chm. Journ., 1897, 18, 189. 

9 Hardy and Willeock, Zeit phytik. Chem., 1908, 67, 847. 

« KOnlg^ ZHt amr^. Chmtu, 1904, 17, 1628. • JSnt.pkyHk. Ckm., 1901, 87, 167. 
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Another intereeting case of photochemical oxidation is that of 
quinine. It has long been known that it not only fluoresces when 
exposed to ultra-violet rays, but undergoes conversion into quinidine. 
A solution of quinine sulphate exposed to light also reduces chromic 
acid, andy as both solutions absorb light, the question arises as to 
which is the active agent. Becent experiments seem to point to 
quinine rather than to chromic acid, as was first supposed.^ 

An example of an apparently simple oxidation process is furnished 
by oxalic acid, which from its regular action has been utilized as an 
actinometer. On exposure of the aqueous solution to air and light 
it breaks up into carbon dioxide and water. The process is not 
quite as simple as it might appear, for Bichardson' noticed the 
formation of hydrogen peroxide, which, in presence of excess of 
oxygen, is derived from the oxalic acid and in turn becomes the 
active oxidising ageni 

CaH,04 + Oa - 2C0a + HgOj . 

The change is produced by light of short wave length and is 
accelerated by metallic salts, whereas red light is without action. 

Many other oiganic compounds, formaldehyde, acetaldehyde, benz- 
aldehyde, amyl alcohol, ether, turpentine oil, &c., undergo oxidation 
in the light, especially in violet light, more slowly in yeUow and 
green, and most slowly in the dark. These reactions are frequently 
associated with the formation of hydrogen peroxide. 

Polymerisation. A very common effect of light is to produce 
polymerisation of the organic compound, and many examples might 
be quoted. Ethylene and cyanogen undergo polymerisation in 
ultra-violet light, as Berthelot and Gaudechon have shown.' In 
ordinary light acetylene yields benzene, bromacetylene gives tri- 
bromobenzene, stQbene CiiH^a forms parastUbene C^Bi^f cinnamic 
and allocinnamic acids yield «- and /3-truxillic acid, and many cinn- 
amylidene compounds, such as cinnamylidene aoetophenone and 
cyanocinnamylidene acetic acid, give cydobutane derivativea 

OeH^.OH.CH.COOH OeH^. CHiCH.CH.OH.OeHj 

HOOO. CH . OH . CeHs CeHg. CH. CH. CH ;0H . CeH^ 

Truxilllo aoid. Dioinnamylidene aoetophenone. 

The subject has been studied by Beimer,* Stobbe and Bucker,* and 
by Uacleod.* 

1 Goldbeig, Zia.physOc. CSIkam., 1908, 41, 9. 

s 2M. phuBik. Chm,, 1S94, 16, 606. ^ OmpL mid., 1910. 160, 1169. 

« Anm. GAmm. Joum., 1911, 46, 417. > Btr,, 1911, 44, 869. 

• Anrn, Omn. Joum., 1910, 44, 831. 
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400 COLOUR AND STRUCTURE 

Hftrriea has examined other unsaturated compounds, such as diyinyl 
CHs : CH . CH : CHs and isoprene CH^ : OCCHg) . CH : OHg, and finds 
that under the action of light at low temperatures they polymerise, 
forming eight-carbon ring complexes, but at high temperatures 
derivatives of cydohexene are produced. Divinyl, under these 
conditions, may give either of the following compounds : 

CHa C H 
CHa. CH:CH. CH^ CH^ : CH . CH<^'^^H 

CHa . CH : CH . CH^ CHTCHg 

Cyelo-octadiene. Vinyleyclohexene. 

The most interesting example of polymerisation produced by light 
is that of anthracene, which in certain solvents, especially in boiling 
anisole, phenetole, and xylene, is very sensitive to light and is partially 
converted into the insoluble dimeric form of dianthracene. The 
latter is insoluble, and its presence is readily seen by the liquid 
becoming cloudy. The change has been carefully examined by 
Luther and Weigert,^ who found that the reaction is reversible and 
in the course of six to eight hours remains stationary. When the 
light is shut off the solution becomes clear and the dianthracene 
passes completely into the unimolecular form. One of the main 
results of this interesting investigation is the proof that the velocity 
of the change is directly proportional to the absorbed energy, whereas 
most reversible chemical changes follow the mass law (see p. 256). 

Isomeric Change. The earliest observations on the action of 
light in inducing isomeric change are those of Wislicenus,* who 
noticed the conversion of maleic acid into fiimaric acid in presence 
of bromine or iodine, and of Fittig,* who found that when citraconic 
acid is dissolved in ether and chloroform and a few drops of bromine 
added, exposure to sunlight will cause a rapid precipitation of crystals 
of mesaconic acid. Many similar changes have since been observed, 
and the following may be briefly enumerated. Sudborough and 
Thompson^ found that both a- and /3-bromallocinnamic acids and 
their barium salts are partially transformed into the trans modification 
under the influence of sunlight. Liebermann discovered the trans- 
formation of allocinnamylidene acetic acid into the isomeric form. 
Ciamician and Silber and Ruber and Schetely" showed that maleic 
passes into fumaric acid without a catalyst. Stoermer^ found that 

1 Z^tphysik, a«m., 1906, 61, 297, 827 ; 1906, 68, 886 ; jBtr., 1909, 42, 860. 
> B6r., 1896, 20, 1080 ; see also L. Bruner, BiOL Acad, Sdent, Oracoto. 
s ArmaUny 1877, 188, 78. « Trans. C%m, Sec, 1908, 68, 686, 1166. 

B Ztit. physik. Chem,y 1904, 48, 846. • Anndim, 1906, 842, 1. 
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the short ultra-violet rays of the mercury vapour (uviol) lamp brought 
about the conversion of a series of high-melting and stable ethylene 
derivatives into their low-melting and labile isomers. The earlier 
experiments were made with diphenylethylene (GeH0)2C : CH, and its 
derivatives : 

CaHc • C • B CaHk • C • B 

II — II 

X»G«M 11 • G • X 

in which B = o- and i>- CeH40GH8, GeH40H, G6H4Br, G10H7; 
X = CI, Br. 

Similar results were afterwards obtained with other geometrical 
isomers, the change being as a rule from the stable to the labile 
compound.^ For example, the high-melting methylcoumaric acid, 
its amide, acetylcoumaric acid, and nitrocoumaric ester give the low- 
melting isomer. Cinnamic acid, p-methoxycinnamic acid and its amide, 
^.phenyl-)3-anisylacrylic acid, its ester and amide were all transformed 
into the corresponding alio compounds. The reactions are mainly 
reversible^ and the reverse process may be induced in some cases by 
exposure to ordinary light, in others by the addition of bromine. They 
thus furnish interesting examples of photochemical increase of energy 
with the production of a labile system. The transformation appears 
so general that Stoermer has suggested its use in discovering whether 
isomers are stereochemically related. 

A di£Ferent type of stereoisomeric change has been recorded by 
Ciamidan and Silber. They found that solutions of the three 
isomeric anti-nitrobenzaldoximes in benzene are converted, when 
exposed to light, into the more stable syn compounds. Giusa' 
observed the opposite change with tribromodiazobenzene cyanide, in 
which the syn was transformed into the anti compound in the light 
and a reversal of the process took place in the dark. This does not 
necessarily contradict the previous observations, seeing that the 
stability of the diazo cyanides, as Hantzsch has shown (see voL i, 
p. 161), is greatly modified by the introduction of halogens into the 
nucleus. 

We will conclude with the following examples of ordinary photo- 
isomeric change ; o-nitrobenzaldehyde dissolved in indifferent solvents 
into o-nitrosobenzoic acid,* 

NOg.CeH4.CHO-* NO. GeH^.COOH, 

' B«r,, 1909, 42, 4866 ; 1911, 44, 687. 

* AtH R, Acead, Unedy 1907, 16, ii, 186. 

> Bamberger and Elger, Annaknj 1910, 871, 819. 
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402 COLOUR AND STRUCTURE 

and o-nitrobenzylidene aniline into o-nitrosobepzanilid«,^ 

NOj . CeH^CH : NCgH^ -► NO . CeH^CO . NHCeH^ 

Generally a nitro group in the oriho position to a OH group loses an 
atom of oxygen, which then attaches itself to the side-chain. 

]>iaio-«ompoiiBda. That diazo-compounds are sensitive to light 
is well known to those who have attempted to prepare diasonium 
salts in bright sunlight. The phenomenon has received certain 
technical applications. 

Feer found that diazo-sulphonates mixed with sodium phenate or 
an aromatic amino-compoimd yield the azo colour on exposure to 
light, and has utilised the reaction for photographic copying (Peer's 
diazotype process). Qreen, Cross, and Sevan' found that the diazo- 
compound from primulin is decomposed in the light and no longer 
produces azo dyes with phenols. Patterns or photographs may thus 
be produced by shading a portion of the material, or exposing it 
through a photographic negative. 

Diazocarbazol, diazonaphthalene,' and many other diazo-com- 
pounds^ are sensitive to light and undergo decomposition in the 
same way. 

Phototropiflm. This term has been applied to reversible isomeric 
changes in solid substances produced by light and accompanied by 
change of colour. One of the earliest examples of this special kind 
of photochemical transformation is the change of benzaldehyde 
phenylhydrazone from yellow to red. Chattaway' explained the 
process by isomeric change from the hydrazone to the azo-com- 
pound. 

CfiH^NH . N : CH . CeH^ -i^ CeHfiN : N . CHa . CeH5 

The )9-naphthylhydrazones are also phototropic, but none of the a 
series. Many other examples of the same thing have been observed by 
Padoa and Qraziani,* who contributed the additional observation that 
the rate of conversion is greatly increased by the addition of an 
isomorphous substance which is not itself phototropic. For example, 
anisaldehyde phenylhydrazone with one per cent, of anisylidene 

1 Sachs and Kempf, Ber., 1902, 35, 2704 : 1904, 87, 8425. 

3 Chim, NM$y 1890, 62, 680. 

s Ruff, Stein, Bar., 1901, 34, 1668. 

* Proe, Chem. Soc, 1905, 21, 168, 296. 

» Trans. Chem. Soc.f 1906, SO, 462; see also Baly and Tuck, Trans. OKem. Soe., 
1906, 89, 982. 

• AtH R. Accad. Lincei, 1909, 18, ii. 269, 676,- 1910, 19, ii. 190, 198, 802. 



Digitized by 



Google 



PHOTOTROPISM 408 

benzylamine is more rapidly and intensely coloured than the pure 
substance. 
Senior and Shepheard ^ found that salicylidene m-toluidine 

HO.CeH,CH:N06H,CH3 

and several similar compounds change from yellow to orange on 
exposure to light, the violet rays being most activa A reversal 
takes place in the dark, but replacement of hydrozyl by methoxyl 
destroys the phototropic effect entirely. 

One of the most interesting examples of phototropism is furnished 
by the fulgidee of Stobbe.' Triphenylfulgide is orange-red, but, on 

(C6H5)2C=C-CO 

I > 

(CflHJHO^C— CO 

Triphenylfulgide. 

exposure to light, changes to brown ; placed in the dark it resumes its 
original colour. The change only appears in the substance when in the 
solid state and is apparently reversible. Frequent repetition, however, 
produces less and less effect, until ultimately a new light yellow 
product is formed ; in other words, the first reaction is accompanied 
by a second non-reversible change. The effect is also dependent on the 
nature of the light, for blue rays promote the transformation, whereas 
orange and red light produce the reverse effect. Stobbe has followed 
the changes by means of the spectrograph by exposing the substances, 
smeared over glass surfaces, to different parts of the spectrum. He 
concludes that there are two substances, an orange compound A which 
is sensitive to blue and violet light, and a brown compound B which 
is affected by yellow and red, and they are interconvertible. A is 
only stable in the dark, B in blue and violet light, and all other 
shades observed are mixtures of these two. The change from A to 
Bf which is characteristic of many phototropic reactions, may be 
represented graphically in the following way : 

short 



long waves 

The result confirms in an interesting manner the law of Orotthus 
(p. 898) that only those rays are active which are absorbed. This 
view of Stobbe accords also well with that of Luther ' on the action 

1 Trans., 1909, 06, 441, 1948. * AnncUmy 1908, 869, 1. 

* Zeif. phf/iik. Chmi,, 1899, 80, 628. 
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404 CX)IiOUR AND STRUCTURE 

of light on rilver chloride and anthracene, both of which represent 
equilibria depending on wave length and light intensity. 

light light 

2Aga :j=^^ AgaCl + Cl, Anthracene < » Dianthracene 
dark dark 

Similar phototropic changes have been recorded by Harckwald in 
the case of the yellow hydrochloride of quinoquinoline, which changes 
to green in light and reverts to the original colour in the dark, in 
that of tetrachloroketonaphthalene, which is colourless in the dark 
and reddish violet in the light, of benzilosasone, which changes from 
yellow to red, of benzaldehydephenylhydrasone, which passes from 
pale yellow to yellowish green, &c. 

Light increases the energy of the system, which in the dark it 
loses again. Plotnikow compares it to a fountain, the waste water 
from which, if continually pumped back again, wiU represent the light 
energy absorbed. It affords a parallel with phosphorescence, which 
may be expressed in a similar way, light being absorbed and phos- 
phorescence emitted. 

il + light-*JB 

£ — » J. + phosphorescence. 

Photochemical Deoomposition and Synthesis. Our knowledge 
of photochemical decompositions and syntheses is mainly due to 
the researches of Oiamician and Silber,^ who have examined with 
remarkable results the behaviour of a variety of single organic 
compounds, as well as mixtures of them, on exposure in dosed 
vessels to the influence of light. The reactions are, as a rule, highly 
complex, and a number of different substances are formed which are 
rarely produced by ordinary chemical methods. 

We shall limit ourselves to naming the principal products obtained 
in some of these reactions^ but before describing them two gas 
reactions of great interest must be referred to ; the first is the con- 
version of carbon monoxide and oxygen under the influence of ultra- 
violet rays into carbon dioxide and ozone,* and the second that of 
carbon monoxide and hydrogen, which yield under similar conditions 
formaldehyde.* The latter reaction especially has a direct bearing 
on vegetable assimilation. 

Aqueous acetone is stable under ordinary conditions, but breaks 
up on exposure to light into methane and acetic acid. 

^ G. Giamician, Soc. CSiim, de Franeef June 6, 1908. 

* Ghapman, Ghadwiok, and RamBbottom, TVans., 1907, 01, 948. 

* Beithelot and Gaudechon, Cwnpt. rmd^ 1910, 150, 1690. 



Digitized by 



Google 
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This is a very general type of reaction where oxygen is excluded, 
the one molecule becoming oxidised or reduced at the expense of the 
other. 

Aldehydes and ketones in alcohol are usually reduced and the 
alcohol oxidised. Thus, polyhydric alcohols yield corresponding 
sugars, glycerol gives dihydroxyacetone, erythritol forms erythrose, 
mannitol, mannose, and duloitol, galactose. 

Benzaldehyde forms hydrobenzoin, and benzoin also yields hydro- 
benzoin. Quinone forms quinol,^ benzo- and aceto-phenone form 
pinacones. Pinacdine breaks up into acetaldehyde and butylene, 

(CH3)3CO . CH3 = CH3CHO + CH3 . CH2 . CH : CHa 

in which case the decomposition takes place in two directions. 

A similar result was obtained with cyclic ketones, such as cycle- 
hexanone and menthone. In the former case hexoic acid and an 
unsaturated aldehyde CH^ : CH . CH^ . CH^ . CHg . CHO were ob- 
tained, and in the latter decylic acid and a hexene aldehyde, identical 
with either citronellal or rhodinal (voL i, p. 624). 

Many organic compounds undergo condensation. Acetone and 
methyl alcohol unite and form isobutylene glycol. 



CH3 . CO : CHa + CH3OH = CHy 

CH3 



'\C(0H).CH20H 



Quinone and benzaldehyde give p-dihydroxybenzophenone ; phen- 
anthraquinone and aldehyde give acetylphenanthraquinone. 

CeH^.CO.COCHj 



W.CKC 



i^H^.OCOH) 

Acetylphenanthraquinone. 

The latter reaction represents a general type ' and may be formu- 
lated thus: 

co.(!jo+chor^«6=c 



OHOCOR' 



The action of benzaldehyde on nitrobenzene takes place in the first 
instance by the oxidation of the aldehyde and reduction of the 
nitrobenzene ; but other reactions occur simultaneously, and the 
result is a mixture of a variety of products among which mono- and 

^ Klinger, AmuiUn, 1888» 249, 187. * Ber^ 1911, 44, 1280, 1854. 
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di-bensEoylphenylhydrozylamine, mono- and di-benzoyl-p-aminof^enol, 
azozybenzene, and hydroxyazobenzene have been isolated.^ This 
furnishes a good example of the complexity of some of these reactions. 
Mention should also be made of the action of hydrocyanic acid on 
aldehydes and ketones^ which is interesting from the point of yiew 
of plant assimQation. Acetone and hydrocyanic acid giye ammo- 
nium oxalate and acetonyl urea, tt-aminoisobutyric acid and probably 
tt-hydroxyisobutyramide ; aoetaldehyde has little action, and benzal- 
dehyde has none. The presence of metallic salts (iron and uranium) 
often accelerate these processes, and many interesting cases of the 
kind haye been recorded.* 

Assimilation of Carbon Bioadde by Plants. The photochemical 
change produced during the assimilation of carbon dioxide is not 
only one of fundamental importance for vegetable life, but indirectly 
also for animal existence, for it is during this process that the 
principal animal foodstuffs, the carbohydrates, are manufactured. In 
1771 Joseph Priestley' discovered the action of growing vegetation 
on impure air (that is, air which had been vitiated by breathing 
or combustion) in restoring it to its original purity. He writes, 
' I have been so happy as by accident to have hit upon a method of 
restoring air which has been injured by the burning of candles and 
to have discovered at least one of the restoratives which Nature 
employs for this purpose. It is vegetation.' Later, when ' dephlo- 
gisticated air' or oxygen was discovered, Priestley was able to 
identify it with the gas evolved from the surface of the growing 
plant. But his experiments in this direction were not always 
successful, and frequently the air was worse instead of better. It 
was only after Ingenhousz ^ had investigated the subject in 1779 that 
the essential part played by sunlight was clearly established. ' I was 
not long engaged in this enquiry', says Ingenhousz, 'before I saw 
a most important scene open to my view ; I observed that plants not 
only have a faculty to correct bad air in six or ten days by growing 
in it, as the experiments of Dr. Priestley indicate, but that they 
perform this impoiiant ofSoe in a compleat manner in a few hours, 
that this wonderful operation is by no means owing to the vegetation 
of the plant ; but to the influence of the sun upon the plant.' 

» Ber., 1906, 88, 1176, 1671. 

2 Neuberg, Biochem. Zeit, 1908, 27, 271 ; 1910, 29, 279 ; Benrath, J. prokt, Oem., 
1907, 78, 888; ZHL phytik. Chem., 1910, 74, 115 ; Prfttorius and Korn., Ber., 1910, 
48, 2744. 

> Eajmimmts and ObservoHonSy by J. Priestley, vol. i, p. 86* 

* Expfrimmta on V§gHaUes, by J. Ingenhousz, London, 1779 
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This was followed by the observation of the concurrent formation 
of starch by Saussure, and of the necessary presence of chlorophyll 
by Engelmann. 

It is only in comparatiyely recent times that the numerous problems 
suggested by the above experiments have been systematically 
pursued. Among the most important of these problems is the one 
having reference to the nature of the chemical changes whereby the 
carbon dioxide is converted into starch, for this process ^presents 
a reaction, or more probably a series of reactions, which chemists have 
so br failed to reproduce artificially. Other questions which present 
themselves are the proportion of carbon dioxide absorbed to the 
oxygen evolved ; the relation of the rate of absorption of carbon 
dioxide to the quantity present in the air and to the temperature ; 
the kind of light which is photochemically most active and its relation 
to that absorbed by the chlorophyll ; the proportion of the solar 
energy utilised; the chemical nature of chlorophyll, and the changes, 
if any, which the latter undergoes during assimilation, and so forth. 
Many of these questions have been answered more or less completely. 
Draper examined the effect on assimilation of the different parts of 
the visible spectrum and found the maximum activity to be in the 
yellow-green region. Timiriazew found in 1869 that the amount of 
carbon dioxide decomposed was directly related to the absorption, and 
was greatest in the orange, where the absorption was greatest. By 
the aid of a more delicate method, depending on the growth of certain 
bacteria in the oxygen evolved during assimilation, Engelmann was 
not only able to locate accurately the position of the actinic rays, but 
succeeded in proving, as Timiriazew had pieviously done, that the 
maximum activity runs parallel with the kind of light absorbed by 
the chlorophyll, and that a maximum is reached in the red region 
between the Fraunhofer lines B and (7, a second maximum in the 
blue at F, and a minimum in the green at E. In thicker layers, 
when the absorption is nearly complete the maximum is shifted, as 
Draper found, towards the yellow-green region. Many observers 
have estimated the rate of carbon dioxide absorption under different 
conditions and found it to increase with the partial pressure of the 
carbon dioxide, as well as with the temperature, until a maximum is 
reached. In this connection the observations of H. T. Brown ^ are 
of special interest. He was able to show that, with increase in the 
pai*tial pressure of the carbon dioxide in the siirrounding air, the 
rate of assimilation increased from the normal amount up to five or 
six times the quantity. 

1 Proc. i?oy. Soc., 1905, 76 3, 29. 
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408 COLOUR AND STRUCTURE 

The variation in the rate of assimilation with the temperature has 
been examined by various experimenters. Hiss Matthaei ^ found that, 
corresponding to each temperature, there ia a certain definite amount 
of assimilation, which is termed maximum assimilation for that tem- 
perature, provided light and carbon dioxide are supplied in sufficient 
quantity. This maximum increases rapidly with rise of temperature, 
but at high temperatures an individual leaf can only maintain its 
maximum for a short time : the higher the temperature the sooner 
the decline in the rate of assimilation* The results were obtained 
by estimating the assimilation from the amount of carbon dioxide 
absorbed in unit time by unit leaf surface. Similar results are 
recorded by Kanitz.' He gives the following figures for the assimila- 
tion at different temperatures, results which concord well with van 't 
Hoff's rule, that a reaction velocity is doubled with a rise of l(f in 
temperature. 

Oo^fftdeni f^tmp, per IQP, 

2T 

212 
1-76 
1*81 

The amount of light energy utilised by the leaf has been measured 
by Pfeffer by estimating the amount of starch produced in 1 sq. cm. 
of leaf surface per second of exposure and comparing the heat of 
combustion of the starch with the calorific effect of radiation on the 
same surface. According to his results only 0-6 per cent, of the 
total energy was absorbed, but, as the method is affected by certain 
serious errors, no great reliance can be placed upon the result. A 
very different result was obtained by H. T. Brown,' who, in place of 
measuring the total solar energy falling on the leaf, estimated only 
that which was absorbed by the chlorophyll and was consequently 
photochemically and otherwise active. The amount of solar radiation 
taken up by the leaf was determined by means of a Callendar radio- 
meter before and after transmission through the lea£ The energy 
thus absorbed was found to vary in different leaves between 64 and 
77 per cent. Omitting the temperature changes in the lea^ which 
are negligible^ he found that the absorbed energy Ra is divided 
between the amount used in vaporisation of water W, that in photo- 
synthesis to, and a quantity r due to radiation from the leaf surface, 
which may be positive or negative according to the thermal conditions 

^ Phii, Tran»., 1905, 187 B, 85. > Zdtf, ^OctroiMmU, 1905, U, 689. 

' Bta. Trans., 1900, 193 B, 228; Proc. Roy. Soc., 1905, 76 B, 29. 
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dxisting between the leaf and its environment. When thennal 
equilibrium is established the balance between solar radiation received 
and expended is given by the equation 

Three of these factors, Ba, W, and w per unit area of leaf surface in 
unit time, can be ascertained. Sa was found in the manner described 
above ; W was determined from the weight of water lost by the leaf 
multiplied by the latent heat of water-vapour ; to was estimated from 
the amount of carbon dioxide absorbed calculated as hexose and 
having a heat of combustion of 8760 cals. 
The following is the record of an experiment : 

Ba solar energy absorbed .... 0*1762 cals. 

W 0*000209 grm. water x 592*6 eals. 0*1248 

w 0-000856 0.C CO. X 502 cals. 00017 0*1260 „ 

r b7 difference 0-0502 „ 

0-1762 „ 

In this case ^m x 100 » 70 per cent of the absorbed solar energy 
was utilised by the leaf. 

The actual rate of photosynthesis remains constant for wide limits 
of insolation, due to the fiict that the special rays which produce 
photosynthesis are present in solar radiation of even moderate in- 
tensity far in excess of the demands of assimilatory centres for dealing 
with carbon dioxide which reaches them by diffusion. The proof 
of this is afforded, in the first place, by the enhanced assimilatory 
effect which is produced by increasing the partial pressure of the 
carbon dioxide in the air round the leaf, and secondly, by the fact that 
the intensity of ordinary summer daylight can be reduced to a very 
considerable extent by using revolving radial sectors placed in front 
of the leaf without affecting the rate of photosynthesis. 

But the subject of chief interest to the chemist is the various 
phases which the carbon dioxide undergoes in its conversion into 
carbohydrate. 

Baeyer^ was the first to suggest that the carbon dioxide underwent 
reduction and that the first product of the assimilation process was 
fonqaldehyde. Supposing formaldehyde to be produced, its con- 
version into carbohydrate may be readily explained on the ground 
of its well-known property of polymerising and yielding fructose 
(voL i, p. 810). But, on the other hand, formaldehyde acts as 
a powerful poison on vegetation, and it is clear that if produced it 
must be formed under conditions which would render it iimocuous. 

^ Ser.f 1870, 8, 66. 
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The first definite indication that formaldehyde can yield starch on 
assimiktion was obtained by Bokomy.^ Using the sodium bisulphite 
compound of formaldehyde which is non-poisonous, he found that, 
on immersing the green filaments of Spirog^ra in a weak solution 
(0-1 to 1 per cent.) of the bisulphite compound, starch is produced. 
Later Bouilhac and Ti*6bouz ' found that in very dilute solutions of 
formaldehyde, plants would remain alive and form starch. 

The observations of Berthelot and Gaudechon ' that carbon dioxide 
in presence of hydrogen, or water in presence of carbon monoxide, 
when exposed to ultra-violet light, yield formaldehyde ; of Loeb * on 
the decomposition of carbon dioxide in presence of water by the 
silent electric discharge, are interesting, but have at present no very 
direct bearing on the photosynthetic process. The same may be 
said of Fenton's reduction of carbon dioxide to formaldehyde by 
amalgamated magnesium,' and of Usher and Priestley's* observation 
on the formation of formaldehyde by the action of rays from radium 
emanation and the quartz-mercury lamp on a solution of carbon dioxide 
in water. 

A more interesting statement is that made by Bach,'' that, by 
passing carbon dioxide through a 1'6 per cent solution of uranium 
acetate in sunlight, formaldehyde and uranium peroxide are formed. 
Here the uranium salt, having an absorption spectrum similar 
to that of chlorophyll, may act as sensitizer in the manner of 
chlorophyll and bring about the decomposition of the water, the 
hydrogen reducing the carbon dioxide to formaldehyde and the 
oxygen causing the oxidation of the uranium salt, possibly through 
the intermediate formation of hydrogen peroxide. Although doubt 
has since been thrown on the correctness of this observation,' it led 
Usher and Priestley ' to take a similar view of the action of the 
chlorophyll in producing, in presence of light, double decomposition 
between the carbon dioxide and the water, yielding formaldehyde 
and hydrogen peroxide. 

COg+H^O^CHaO + HA- 
Now, although both these products are injurious to the plant, the 
hydrogen peroxide is known to be rapidly decomposed by an enzyme 
contained in the leaf, namely caiaiase, which converts the peroxide 
into water and oxygen, and the formaldehyde probably polymerises 

I B«r., 1891, 24, 108. » Flora, 1908, p. 78. 

» Con^t rend., 1910, 160, 1890. « Zeit.f. EUktroehemie, 1906, 11, 749. 

» Trans. Oiem. Soc., 1907, 91, 687. • Proc Boy. Soc, 1911, 84 B, 101. 

^ Compt. rend., 1898, 116, 1146. » Euler, Ber., 1904, 37, 8416. 

» Proc. Roy. Soc, 1906, 77 B, 369; 78 B, 318. 
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as quickly as it is produced under the action of the living protoplasm, 
and is transformed into carbohydrate. If this view is correct it will 
account for the production of carbohydrate and free oxygen. The 
assimilation process will then take the following form : 

Gftrbon dioxide 4- water 

H^Oa destroys chlorophyll ^, , ^ — , „ ■" 

if not removed a OhlorophyU 



Hydrogen peroxide .„/vns Formaldehyde 

I T«2^^^^^^%;a 1 

(Gatalase) *r^\«3© ** (Living protoplasm) 

Oxygen Carbohydrate 

In order to test this theory Usher and Priestley placed green 
sprigs of the water-plant, Elodea, in boiling water, which destroys 
both protoplasm and enzyme, and then in water saturated with 
carbon dioxide, and exposed the vessel to sunlight. The chlorophyll 
was bleached, a fact which was attributed to the hydrogen peroxide, 
and formaldehyde was detected in the liquid. Another experiment 
was made in which Elodea was exposed to chloroform vapour, the 
latter destroying the protoplasm but not the enzyme. Formaldehyde 
was again formed, which, by ultimately destroying the enzyme, caused 
bleaching of the chlorophyll. The authors then attempted to imitate 
as far as possible in vitro the conditions obtaining in the leaf. As 
the chloroplasts (chlorophyll grains) lie mainly near the surface of 
the leaf, slips of glass were covered with a thin coating of gelatine, 
representing the protein substance, and over this a benzene solution 
of chlorophyll, extracted from grass or wheat leaves, was painted, 
leaving, on evaporation, a thin layer of the colouring matter. The 
slips were introduced into water saturated with carbon dioxide. 
After some hours exposure to simlight, which passed first through 
the chlorophyll and then through the gelatine, the presence of 
formaldehyde was detected in the gelatine and the chlorophyll was 
bleached. In other experiments in which the gelatine was omitted 
similar results were observed, namely, the formation of formaldehyde 
and the bleaching of the chlorophyll. 

In another series of experiments the gelatine was mixed with 
a solution of catalase from sheep's liver before coating the plate, 
which was then covered as before with a film of chlorophyll. In 
this case formaldehyde was detected and as much as 2 c.c. of oxygen 
was collected. 

Objections have been raised to the above experiments on the ground 
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that gelatine in contact with water may, during decompoeitiony on 
exposure to light, produce formaldehyde, that the bleaching of the 
chlorophyll ia independent of the presence of carbon dioxide, and that 
it is impossible for hydrogen peroxide and formaldehyde to be fotmd 
together, as described in the earlier experiments, seeing that they would 
mutually react Nevertheless a repetition of the former experiments 
with certain precautions has led to essentially the same result&^ 
Moreover, formaldehyde has now been detected in the growing plant 
by Schryver,* Curtius and Franssen,' and others, and although its 
presence may not necessarily indicate that it is formed by the reduc- 
tion of carbon dioxide, it is at least an interesting and suggestive 
observation. 

Other problems of interest connected with the subject of carbon 
dioxide assimilation are the nature of formaldehyde condensation 
and the chemical structure of chlorophyll. The stages in the process 
which ultimately lead to the appearance of starch in the leaf take 
place with enormous rapidity, and it has been estimated that starch 
grains may be detected within two minutes of the exposure of the leaf 
to sunlight. 

According to Brown and Morris * the first product of assimilation 
is cane-sugar, which then breaks up into glucose and fructose, the 
former undergoing synthesis to maltose and starch, which is stored 
up in the leaf or transferred as glucose to other parts of the plant. 
Other observers have adopted the view that glucose or maltose are 
first formed. Whichever carbohydrate first makes its appearance, 
it would seem that the condensation of formaldehyde takes place 
in contact with some active material, probably chlorophyll, in order 
that an asymmetric synthesis may be accomplished, seeing that the 
sugars and starch are optically active ; but of the actual mechanism 
of the process we are at present profoundly ignorant. The study 
of the structure of chlorophyll, although an extraordinarily com- 
plex problem, is one which can be conducted independently of the 
life process and involves merely the methods and appliances of the 
laboratory. The work, which is now gradually approaching finality, 
has been carried out with remarkable skill and patience by a number 
of workers among whom the names of Schunck, Marchlewski, and 
Willstfttter stand out most prominently. 

It would be beyond the scope of the present chapter to give in detail 
the methods by which this intricate problem has been attacked and 
the various cleavage products obtained and examined. It must sufBce 

' Proe. Roy. Soc, 1911, 84 B, 101. * Pne. Soy, 8oc, 1910, 83 B, 886. 
s Ber,, 1912, 46, 1716. < IVan*. Chm, Soc, 1898, 63, 804. 
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... to state that one of its final cleavage products is haemopyrrole 

CgHxaN, which is almost certainly either a dimethyl ethyl or methyl 

^ isopropyl pyrrole (see vol. i, p. 426). A fact of even greater interest 

is the existence of thd same substance among the decomposition 
products of haemoglobin or red colouring-matter of the blood. 

^ Befebsnces. 

^ PhoUHshmief by J. M. Eder. W. Knapp, Halle, 1906. 

^ Photoehemie, by J. Ploinikow. W. Knapp, HaUe, 1910. 

£ DU ehmisehmi Wirkungen de$ Lichts, by F. Weigert, Ahrens' Vortrdge, 1911, 17. 

ij Enke, Stuttgart 
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Absorption spectra, 826; theory of, 
841 ; types of, 880 ; and colour, 862. 

Acceptor, 59. 

Acetoacetic ester, absorption spectrum, 
888; magnetic rotation, 806; pro- 
perties, 62, 128; refractivifcy, 295; 
synthesis, 152, 165. 

Acetosuccinio ester, 124. 

Aoetylacetone, 165; absorption spec- 
trum, 887 ; magnetic rotation, 807. 

Acetylchloranilide, 209. 

Acetylcyclopropane carboxylic acid, 
126. 

Acetylene compounds, jMlymerisation 
by light, 899; reduction of, 99; 
structure of, 15. 

Acids, reduction of, 101 ; synthesis of, 
120, 128, 145. 

Aci-nitro oomjMunds, 857. 

Aconitlc acid, structure of, 28. 

Acridine, 851, 884. 

Addition, 48 ; of bromine, 58 ; hydro- 
gen, 58 ; hydrogen cyanide, 186 ; 
hydroxy], 56; nitrogen tetrozide, 
56 ; nitrctgen trioxide, 56 ; nitrosyl 
chloride, 56 ; ozone, 56. 

Addition products of, aldehydes, 65; 
action of light on, 895 ; carbon sub- 
oxide, 66 ; ethenoid compounds, 50 ; 
ketones, 66 ; ketones, 65 ; thialde- 
hydes, 65 ; thioketones, 65. 

Additive reactions, 188, 147. 

Adipio ester, 182. 

Affinity and valency, 44. 

Alcohols, action of light, 405 ; oxida- 
tion of, 252 ; synthesis of, 188, 142. 

Aldehydes, formation of, 128, 144; 
reduction of, lOJ . 

Aldol condensation, 107, 169. 

Aldoximes, synthesis of, 128. 

Aliphatic amines, 101, 102; diazo- 
amino comiMunds, 147. 

Alkaloids, spectra of, 888; structure 
of, 888. 

Alkylammonium cyanate, transforma- 
tion of, 244. 

Alkylglutaconic acids, 20. 

Alkyl iodides, action of silver salts, 
284. 

AUocinnamic acid, action of halogens, 
896 ; heat of combustion, 821 ; in- 
version of by light, 401 ; polymeri- 
sation, 899. 



Aluminium chloride as condensing 
agent, 127. 

Aluminium-mercury couple, 180, 181. 

Amines, synthesis of, 102, 128, 146. 

Aminoazobenzene, colour of, 84, 855, 
861,880. 

Ammonium cyanate, transformation 
of, 226. 

Anhydrides, reduction of, 101. 

Aniline hydrochloride, refractivity, 
811 ; spectrum, 844. 

Anomaly, optical, 284. 

Anthracene, action of light, 400 ; fluo- 
rescence of, 890 ; heat of combustion, 
820 ; hydrides of, 100, 104 ; lumi- 
nescence of, 875 ; i>olymerisation of, 
255 ; refractivity of, 284. 

Aromatic acids, hydrides of, 108 ; syn- 
thesis of, 128. 

— aldehydes, 128. 

— aldoximes, 128. 

— bases, reduction of, 102. 

— compounds, absorption spectra, 848 ; 
heat of combustion, 824 ; magnetic 
rotation, 809 ; refractivity, 288. 

— hydrocarbons, formation of, 85, 127 ; 
reduction of, 100 ; synthesis of, 120. 

— ketones, synthesis of, 127. 

— series, substitution in, 85. 
Assimilation of carbon dioxide, 406; 

action of light on, 408. 
Aurin, 851. 
Autoxidation, 58. 
Autoxidator, 59. 
Auxochrome, 847, 852. 

— theory, 878. 
Auxoflores, 889. 
Azimidobenzene, 197. 

Azo colouring matters, reaction velo- 
city, 225. 
Azo compounds, colour of, 849, 861. 



Bathoflores, 889. 

Beckmann^s reaction, 187. 

Beer's law, 6, 829, 878. 

Benzalacetone, 88. • 

Benzaldehydephenylhydrazone, action 
of light, 402. 

Benzaurin, 870. 

Benzbetalne, 882. 

Benzene, from acetylene, 88 ; absorp- 
tion spectrum, 848 chlorinationi 
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886 ; heat of combustion, 824 ; mag- 
netic rotation, 809 ; refractiyity, 288. 

Benzoin oondenaation, 177. 

Benzoylaoetone, 166. 

Benzoylaoetophenone, 165. 

o-Benzoylbenzoio acid, 129. 

Benzpinaeone, 198. 

Benzyl hyperoxide, 60. 

Benzylidene acetone, 171. 

Benzyl solphinic acid, 180. 

Berthelot*8 calorimeter, 816. 

Bimolecular reactions, 210. 

Bisolphite oompounds of ketones, 66. 

Bivalent carbon, 17. 

Bomb calorimeter, 816. 

Bor.iyl chloride, 808. 

Bromination, dynamics of, 268; in 
light, 896. 

Bromindozyl, 119. 

Bromine, addition of, 68. 

Bromomethyl-cimphor, 840. 

Bromonitro-camphor, 840. 

Buchner-Curtios reaction, 186. 

Bntyrobtttyric ester, 167. 

Calorimetry, 812. 

Camphene, 286, 291, 824. 

Gamphocarboxylic ester, 294. 

Camphoronic acid, 161. 

Canadine, 886. 

Carbamide, decomposition of, 247. 

Carbithionic acid, 146. 

Carbohydrate, formation in plants, 409. 

Carbon, bivalent, 7 ; heat of combus- 
tion, 819 ; inertia of, 46 ; plasticity 
of, 45 ; tervalent, 8 ; valency of, 1. 

— bonds, equivalence of, 24. 
-^ dioxide, assimilation of, 406. 

^nitrogen, chain formation^ 186 ; 

ring formation, 190; stability of, 

187. 
oxygen, chain formation, 200; ring 

formation, 200. 

— suboxide, 66. 
Carbonium valency, 869. 
Carbonyl chloride, formation of, 895. 
Carbonyl oompounds, action of halo- 
gens, 249. 

Carbopyrotritario acid, 202. 

Carbostyril, 882. 

Carvenone, 287. 

Catalysed reactions, dynamics of, 267. 

Catalysts, metals, 96 ; metallic oxides, 
108. 

Catalytic reactions, 96 ; condensation, 
106; halogenation, 105; oxidation, 
104 ; reduction, 96. 

Chain formation, 107 ; carbon-carbon, 
107 ; carbon-nitrogen, 186 ; carbon- 
oxygen, 200. 

Chelidonic acid, 208. 

Chlorination of benzene, velocity of, 



Chlorination in light, 896. 
Chloroaoetanilide, 209. 
ChlorophyU, function of, 411. 
Chromogen, 847. 

Chromoisomerism, theory of, 856. 
Chromophores, 846, 847, 862. 
Clirysin, 206. 

Cinchonine, spectrum of, 886. 
Cinnamic acid, action of light, 401 ; 

bromination, 896. 
Cinnamic aldehyde, 171. 
Citric acid, synthesis of, 160. 
CoUoidal metals, 96. 
Colour, and absorption spectra, 862. 

— and configuration, 862. 

— and structure, 346. 

— theories of; Baeyer's theory, 868; 
Hartley's theoiy, 864 ; Kaui&nann's 
theory. 878; WiUstfttter's theory, 
871 ; Witt's theory, 846. 

Comanic acid, 208. 

Comenic acid, 208. 

Composite reactions, 229. 

Concurrent reactions, 280. 

Condensation processes, 107; catalytic, 
106; by addition. 188; nature of, 
109; removal of carbon dioxide, 
182 ; removal of halogens, 120 ; 
removal of hydrogen, 119 ; removal 
of hydrogen chloride, 126 ; ring for- 
mation, 108 ; union of carbon-carbon, 
107. 

— acetoacetic ester, 152 ; aldol, 169 ; 
benzoin, 177 ; external and internal, 
108 ; pinacone, 178 ; magnesium 
alkyl, 140; zinc alkyl, 138; with 
diketones, 167. 

Coigugated double bonds, 69 ; heat of 
combustion, 828 ; magnetic rotation, 
809 ; refractivity, 284. 

Consecutive reactions, 246. 

Constants for the elements, disper- 
sivity, 281 ; heat of combustion, 
822; magnetic rotation, 804; mole- 
cular volume, 268; refiractivity, 
280. 

Contravalency, 8. 

Co-ordinate number, 88. 

Copper, condensing agent, 181. 

Corydaline, 886. 

Cotarnine, 884; hydrochloride, 834; 
hydrooyanide, 834. 

Coumalinic acid!, 204. 

Coumarin, 180, 205, 887. 

Co-volume, 272. 

Crossed double bonds, 74. 

Crystal violet, structure of, 866. 

Cyanaoetic acid, properties of, 122, 124. 

Cyanamide, polymerisation o^ 107. 

Qyanic acid, polymerisation ot, 107. 

Cyanides, structure of, 9. 

Cyanogen chloride, polymerisation of, 
107. 
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Cyclic oompoundBy action of reagents, 
118 ; action of light on, 400 ; evi- 
dence of, 115; formation of, 107, 
111, 124, 182, 185; heat of oomboa- 
tion,824; stability of, 112; transfor- 
mation of, 115 ; magnetic rotation, 
808; molecular volume, 270 ; refracti* 
▼ity, 288. 

Cyclic ketones, synthesis of, 182. 

C^clobutane, 114, U7, 125. 

Cydobutanol, 116. 

C^clobutene, 117. 

C^clobutylamine, 116. 

Cydobutylmethylamine, 116. 

Cycloheptane, 118, 179. 

Cydohezadione, 117. 

C^relohezane, 108, 104, 116, U7, 121, 
157; derivatives of, 128, 126, 129; 
heat of combustion, 825 ; magnetic 
rotation, 810; refractivity, 808. 

Cyclohexane carbozylic add, 168^ 159. 

Cydohezanol, 99, 100, 104^ 

Cydohexanone, 176. 

Cydohezyl alcohol, 116. 

Cydohezylamine, 102. 

Cydohexylmetbylamine, 116. 

Cydo-nonane, 118. 

Cydo-octadiene, 118, 400. 

C^do-ootane, 118. 

Cydo-octatetreno, 285. 

Qydoparaffins, action of reagents, 118 ; 
heat of combustion, 114 ; molecular 
volume, 270 ; properties of, 119 ; 
synthesis of, 117, 121, 182. 

€^dopentane,117,182; derivatives of, 
125, 182. 

Cydopentanol, 116. 

C^dopentanone, 177, 185. 

C^dopentene, derivatives o( 116, 170. 

Cyclopropane, 114, 117, 121. 

— carbozylic adds, 118, 125, 186. 

Cyclopropyl carbinol, 116. 



J> condition of benzene, 874. 

Decomposition, photochemical, 404. 

Dehydracetic add, 204. 

Dehydrogenation, 108. 

Dewar benzene formula. 874, 886. 

Diaeetosuccinic ester, 128. 

Diallyl, 204, 809. 

Dianthracene, 265, 400. 

Diazoamino-compounds, conversion of, 
217 ; synthesis of, 147, 148. 

Diazo-compounds, velodty of decom- 
position, 224 ; action of light, 402, 

Diazoles, 190. 

Diazotype process, 402. 

Dibasic adds, synthesis of, 120 ; dec* 
trolysis of, 182. 

Dibenzalacetone, 88, 171. 

Dibenzoylmethane, 887. 

Dibenzylidene acetone, 88, 171. 



Di<7clohezylamine, 102. 
Dihydrocamphene, 100. 
Dihydrocarveol, 101. 
Dihydroresorcinol, 158. 
Dihydrozyterephthalic ester, 157, 
Diisobutylene, 119. 
Diisopropenyl, 289. 
Diketo-apocamphoric acid, 159. 
Diketocyclopentane dicarbozylic add. 

159. 
Diketones, 122, 124, 182. 
Dimethylanthranilic add, 882. 
Dimethylquinogen, 178. 
Dimethylsuccinic acid, 124. 
Dlnitroethane, 357. 
Dipentene, 287, 824. 
Diphenylbutadiene, 874. 
Diphenyldiketocydohezane, 185. 
Diphenyl ether, 182. 
Diphenylethylene derivatives, 847. 
Diphenylhexatriene, 847. 
Diphenylmethane, 180, 175. 
Diphenylnitride, 7. 
Diphenylpropionic add, 188. 
Diphenylpyrone, 884. 
Disperdvity, 296. 
Disubstitution products of benzene, 

286. 
Ditolyl, 181. 
Dobner's violet, 870. 
Double bond, coigugated, 69, 284; 

crossed, 74 ; cumulated, 284 ; heat 

of combustion, 828 ; isolated, 284 ; 

magnetic rotation, 805; molecular 

volume, 270 ; refractivity, 280 ; 

theory of, 16. 
Duroquinone, 178. 
Dynamic isomerism, 289 ; and abaorp* 

tion spectra,889 ; and refractivity,292. 
Dynamics of oiganic reactions, 206. 

Electrochemical theories of valenoj, 
86. 

Electrolysis of adds, 132. 

Electronic theory of absorption, 842 ; 
of fluorescence, 888 ; of valency, 87. 

Electrons, 87; loosened, 842; satu- 
rated and unsaturated, 842. 

Endocydic comjMunds, 298. 

Enzyme hydrolysis, 220. 

Equivalence of carbon bonds, 24. 

Erterification, in aloohd solution, 221 ; 
dynamics of, 248. 

Esters, hydrolysis of, 218; synthesis 
of, 145. 

Ethane tetraearbozylic add, 128. 

Ethenoid compounds, 50. 

Ethenyltricarbozylic add, 128. 

Ethylcyclohezane, 100. 

Ethylene bond, conjugated, 69, 284; 
crossed, 74; cumulated, 284; heat 
of combustion, 828 ; isolated, 284 ; 
magnetic rotation, 805; molecular 
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▼olame, 270 ; refraetivity, 280 ; 

stereoehemifltrjr, 17; theory of, 16. 
Eugenol, 286, 806, 828. 
Exaltation, magneto-rotatory, 809 ; 

optical, 284 ; thermochemical, 823. 
Ezoeyclio oomponnds, 298. 

Feer'B process, i02. 

Fenton's reagent, 106. 

Ferric chloride, condensing agent, 127. 

Flaorane, 884, 890. 

Fluorene ketone, 862. 

Fluorescein, 884. 

Fluorescence, 281 ; and stmoture, 888 ; 

theory of, 884. 889. 
Fiaorogens, 886. 
Fluorophores, 884. 
Formaldehyde, condensation of, 175 ; 

formation in plants, 410. 
Formyl bromocamphor, 294. 
Formylhippuric ester, 166. 
Formylphenylacetic ester, 159, 294. 
Free valencies, 19. 
Friedal-Orafts reaction, 127 ; velocity 

of, 228. 
Fuchaine, 865. 
Fnchsone, 851, 869. 
Fulgenio acids, 848. 
Fnlgides, 848, 408. 
Folminic acid, 18. 
Folvenes, 849. 
Furfarane, 201. 
FurfUrole, 201. 

Geometrical isomersi action of light, 
400 ; heat of combustion, 821 ; mag- 
netic rotation, 802 ; refractivi^, 278. 

Gladstone-Dale formula, 276. 

Glutaoonio acids, 20. 

Glyozalines, 194. 

Gnoscopine, 885. 

Grignard's reaction, 64, 140. 

Haemopyrrole, 418. 

Halochromy, 869. 

Halogenation, catalytic, 105. 

Halogen carriers, 106. 

Halogen compounds, reduction of, 102. 

Halogens, action on ethenoid com- 
pounds, 58 ; on ketones, 249, 250. 

Heat of combustion, 81 2 ; of coig'ugated 
double bond, 828; constants, 821; 
of cyclic comjMunds, 824 ; of double 
bond, 828; of homologous series, 
821 ; of hydroxyl oxygen, 822 ; of 
isomers, 820 ; of olefines, 17 ; of 
paraffins, 17 ; of stereoisomers, 820 ; 
and structure of benzene, 824. 

Heat of formation, 819. 

Heterocyclic compounds, refraotivity, 
290. 

Heterogeneous addition, 58; 

— reactions, 259. 



Hexadiene, 289. 

Hexamethylbenzene, 184. 

Hexatriene, 284, 810. 

Holoquinoid compounds, 871. 

Homochromoisomerism, 862. 

Homologous series, heat of combustion, 
821 ; magnetic rotation, 802 ; mole- 
cular volume, 267 ; refraotivity, 279. 

Hydrastine, 885. 

Hydrazones, action of li^t, 402. 

Hydrindone, 129. 

Hydriodic acid, action of light, 894. 

Hydrobenzoin, 178. 

Hydrocarbons, syntheeis of, 127, 142. 

Hydrocotarnine, 884. 

Hydrogen, addition of, 58. 

Hydrogen cyanide, addition of, 80; 
structure of, 11. 

Hydrogen peroxide in plants, 411. 

Hydrolysis of esters, 210, 218; of 
sucrose, 218. 

— by enzymes, 220. 
Hydroxyaoids, 127. 
Hydroxyaldebydes, 127. 
Hydroxyanthiaquinone, 105. 
Hydroxyazobenzene, 868. 
Hydroxybenzylalcohol, 178. 
Hydroxyl, addition of, 56. 
Hydroxylamine compounds, synthesis 

of, 147. 
Hydroxymethylene camphor, 167, 294. 

— compounds, 168. 

Imidazoles, 194. 

Indicators, 876. 

Indole, 102. 

Indone, 852. 

Indoxyl, 119. 

Induline, 852. 

Infra-red spectrum, 826. 

Intramolecular isomeric change, 110; 
velocity of, 209. 

lonone, 171. 

Irene, 172. 

Isatin, structure ofL 881. 

Isoacetophorone, 186, 176. 

Isobutylene, 119. 

Isocamphoronic acid, 185. 

Isocyanides, additive compounds, 8; 
structure of, 8. 

Isoeugenol, 286, 806, 828. 

Isomeric change, action of light, 400 ; 
intramolecular, 110; veloci^ of, 
209. 

Isomers, action of light, 400 ; heat of 
combustion, 820 ; magnetic rotation, 
801 ; molecular volume, 266 ; re- 
fraotivity, 277. 

Isophenylorotonic acid, 182. 

Isopinone, 291. 

Isopulegol, 172. 

Isorropesis, 889. 

Isosafrole, 286. 
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Ketenes, 66; colour of, 860; reduc- 
tion o^ 101. 

Eeto-enol iautomerism, absorption 
spectra, 887 ; magnetic rotation, 
806 ; molecular TOlume, 278 ; re- 
action velocity, 861 ; refractiyity, 
298. 

Ketones, addition products, 66 ; action 
of halogens, 249; colour of, 848; 
refractiyity of, 66; synthesis of, 
127, 189, 146. 

Ketonie acids, 188 ; synthesis of, 148. 

Kopp's law, 264. 

Kundt's rule, 829. 

Lactones, formation of, 242. 

Laudanine, 886. 

Laudanosine, 886. 

Law of mass action, 206. 

Light, action on organic comiMunds, 

892 ; energy absorbed by leayee, 409. 
Limonene^ heat of combustion, 824; 

magnetic rotation, 806. 
Lorentz-Lorenz formula, 276. 
Luminescence, 874. 
Luminophores, 874, 886. 

Magenta, 866. 

Magnesium alkyl condensations, 140. 

Magnetic rotation, 299 ; aromatic com- 
pounds, 809 ; constants, 804 ; double- 
bond, 806; exaltation, 809: homo- 
logous series, 802; isomeric com- 
I>ounds, 801 ; ring formation, 808; 
series constants, 802 ; stereoisomers, 
802; and structure, 806; terpene 
and camphor group, 808. 

Malonic ester, properties o^ 128. 

Mass action, law of, 206. 

Meconic acid, 208. 

Melamine, 107. 

Menthadiene, 287, 809. 

Menthane, 100. 

Menthanone, 287. 

Mercury fulminate, 18. 

Meriquinoid oomi>ounds, 871. 

Mesi^Iene from methylacetylene, 184. 

Mesiiylozide, 170. 

Mesityloxide oxalic ester, 169, 294. 

Metallic cyanides, structure of, 9. 

Metals, coUoidal, 96; used in reduction, 
98. 

Method of Glaisen, 167; Frankland, 
188; Friedel-Orafts, 127; Ipatiew, 
99, 102; Kekuld, 120 ; Knoeyenagel, 
178 ; Michael,69, 184 ; Perkin, 180; 
Sabatier^Senderens, 98 ; XTllmann, 
181 ; Wialicenns, 181 ; Wurtz, 120. 

Methylcydobutane, 117, 121. 

Methylcyolohexane, 116. 

Methyl^elopentane, 116. 

Methyldehydropentone carboxylio es- 
ter, 126. 



Methylfnrfurane, 101. 
Methylgranatinine, 118. 
Methylisatin, 882. 
Methyl orange as indicator, 877, 

880. 
Methylpseudoisatin, 882. 
Modified optical anomaly, 288. 
Molecular compounds, 81. 

— co-yolume, 272. 

— dispersiyity, 297. 

— refractiyity, 296; action of solyents, 
290 ; aromatic compounds, 288 
constants, 280; double-bond, 280 
dynamic isomerism, 292; exaltation. 
284; homologous series, 279; halo- 
gens, 281 ; isomeric compounds, 277 
nitrogen, 282 ; ring formation, 288 
stereoisomers, 278 ; structural prob* 
lems, 290 ; sulphur, 282. 

— solution yolume, 271 ; tautomerism, 
278. 

— yolume, constants, 268; ethenoid 
linkage, 270 ; homologous series, 
267 ; isomeric comjMunds, 266 ; ring 
structure, 270. 

Moloxide, 69. 

Mutarotation, dynamics of, 241 ; of 
monosaceharoees, 241. 

Kaphthalene-diamine, 186. 

Naphthalene, heat of formation, 818 ; 
refrsctiyity, 284. 

Naphthalene hydrides, 100. 

Naphthalic anhydride, 884. 

Naphthenes, 100. 

Naphthol hydrides, 100. 

Narcotine, 886. 

Negatiye-positiye rule, 61, 128. 

Nitranilines, colour of, 864. 

Nitro-camphor, dynamic isomerism, 
289, 889. 

NitroAsompounds, colour of, 860; re- 
duction of, 101 ; spectra of, 844. 

Nitroform, 867. 

Nitrogen tetroxide, addition of, 66. 

— trioxide, addition of, 66. 

Nitroketones, colour of, 869. 

Nitrophenols, colour of, 864, 866. 

Nitrosyl chloride, addition of, 66. 

Non-reyersible reactions, polymole- 
cular, 210 ; termolecular, 212 ; uni- 
molecular, 208. 

Normal yalency, 8, 40. 

Octylaldol, 170. 

01efinee,60; molecularsolution volume, 
272 ; molecular volume, 270 ; reduc- 
tion o^ 99. 

Optical anomaly, 284 ; modified, 288. 

— depression, 290. 

Order of a reaction, determination of, 
218 ; initial velocity method, 814 ; 
isolation method, 216; method of 
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•quifrMiional partt, 215 ; yelooitj 

ooefllei«nt method, 214. 
Oiguiie rMctioiiBy dTnamiea of, 206; 

iiAtiuro of, 44. 
OrgAno-meUllio eomponnda, 187. 
Ortiio-quinoid group, S46. 
Oaeillation fineqiieiioies, 829. 
OMtriaiolee, 195. 
OKftUeetic acid phenylhydnueone, 

Teloeit J of dooomposiiion, 282. 
Oxalaootio otter, 150, 159. 
OxidmtioD, aotaon of light, 898, of 

aloohoU, 252 ; oatalytie, 104. 
Oximino ketones, colour of, 860. 
Ozone, addition of, 56. 
Ozonidea, 57. 

Phntochromiftm, 860. 

Bapayerinew 886. 

Fanttna, heat of oombaition, 17 ; 

magnetio rotation, 802; moleealar 

eolation Tolame, 272 ; molecular 

Tolune, 268, 270 ; qmtheeia of, 120, 

187. 
Fltfa-quinoid ■tmeture, 846. 
Fkraroeaniline hydrochloride, 854,855. 
Partial Talencies, 70. 
Peraiatence of abeorption bands, 880. 
Petroleum, American, 99 ; Cauoaaian, 

100; GaUcian, 100. 
FheUandrene, 287, 824. 
Phenanthrene, hydrides of, 98 ; heat 

of oombnstion, 820 ; refrmctiTity, 284. 
Phenazine, 851. 
Phenolphthalein aa indicator, 877, 

884 ; atmetnn of, 884. 
Phenols, reduction of, 200. 
Phenylaoridinium methyl chloride, 

888. 
~~ salts, colour of, 861. 
Phenylaminobenzoic acid, 181. 
Phenylangelic acid, 188. 
Phenylcrotonic acid, 182. 
Fhenylcydohexylamine, 102. 
Phenyldihydroresorcylic ester, 185. 
Phenylglycine carboxylic acid, 181. 
Phenylhydrozypivalio acid, 182. 
Phenylmethylacridol, 888. 
Phenylparaconic lactone, 182. 
Fhloro^udnol, 886 ; structure of, 887. 

— tricarboxylic ester, 157. 

— trimethyi ether, 886. 
Phorone, 170. 
Phosphorescence, 881, 404. 
Photochemical decompostion, 404 ; re- 

aetions, 258, 898 ; synthesis, 404. 
Photochemirtiy of organic compounds, 

892. 
Photoisomeric change, 401. 
PhotosyntheelB in plants, 409. 
Phototropism, 402. 
Phthalide, 101. 
Physical properties and structure, 261. 



Pinaoone oondenaation, 178. 
Pinane, 100. 

Pinene hydrochloride, 806. 
Piperidine, 104, 187. 
Polymerisation, 106 ; action of light, 

899. 
Polymolecular non-reversible reactions, 

2ia 

FoaitiTe>negative rule, 61, 128. 
Primary aloohols, synthesis of, 189, 

142. 
Propiopropionio acid, 156. 
Psendocamstyril, 882. 
Peeudoionone, 171. 
Pseudoisatin, 881. 
Peeudopelletierine, 118. 
Pulegomenthol, 101. 
Pyrazole, 192. 

Pyrazole compounda, 186^ 187. 
Pyrazolidone compounds, 198. 
Pyrazolone oomponnds, 198. 
Pyridone compounds, 208. 
Pyromeconic acid, 208. 
Pyromuoio acid, 201. 
^rone compounds, 208. 
Pyrotritaric acid, 202. 
I^rrole compounds, 191. 
Pyrrolidine, 102, 189, 192. 

Quadrimolecular reactions, 218. 

Quinhydrone, 871. 

Quinidine, 885. 

Quinine, 885. 

Quinitol, 100. 

Quinoid group, 846. 

Quinoline tetrahydride, 102. 

Quinonediimine, 77, 852. 

Quinonea, colour of, 850 ; spectrum of, 

889. 
Quinonimine, 77, 852, 872. 

Beaction of, Buchner-Curtius, 186; 
Claisen, 170 ; FrankUnd, 188 ; Fri»- 
del-CrafU, 87. 127, 228 ; Grignard, 
64, 140; Hofknann, 117; Kekul4, 
120; Knoeyenagel, 178; Michael, 
61 ; Perkin, 124, 180; Beformatsky, 
149; Beimer-Tiemann, 127; Saba- 
tier-Senderens, 98; Thorpe, 184; 
Wislicenus, 121 ; Wurtz, 120. 

Beactions, additive, 188; action of 
aolvent, 257 ; bimolecular, 210 ; 
catalysed, 267; catalytic, 96; com- 
posite, 229; concurrent, 280; con- 
secutive, 245; heterogeneous, 259; 
non-reversible, 208 ; order of, 218 ; 
photochemical, 258; polymolecular 
non-reversible, 210; reversible, 287 ; 
termolecular non-reversible, 212 ; 
types of^ 46; unimolecniar non- 
reversible, 208 ; velocity o( 208. 

— of unsaturated oompounda, 48 ; of 
ketones, 65. 
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Beagent of Fenton, 106. 
Reagents, action of, 118. 
Rednotion, catalytic, 96. 

— of acetylenes, 99 ; acids, 101 ; alde- 
hydes, 100 ; anhydrides, 101 ; aro- 
matic bases, 102; aromatic hydro- 
carbons, 100; cyanides, 101; halo- 
gen compounds, 102; isoeyanides, 
101 ; ketones, 100; nitro-oompounds, 
101 ; defines, 99 ; oximes, 101 ; 
phenols, 100; unsaturated adds, 
esters, and ketones, 101. 

RefractiTity, 278 ; action of solvents, 
290; aromatic compounds, 288; 
constants, 280; double-bond, 280; 
dynamic isomerism, 292; exaltation, 
284 ; halogens, 281 ; homologous 
series, 279 ; isomers, 277 ; nitrogen, 
282 ; ring formation, and structure, 
290; stereoisomers, 278; sulphur, 
282. 

ReyexBible reactions, 287. 

Ring structures, action of reagents, 118 ; 
carbon-nitrogen, 189 ; carbon-oxy- 
gen, 200; eyidence of, 115; forma- 
tion of, 107, 111 ; heat of combus- 
tion, 824; magnetic rotation, 808; 
molecular Tolume, 270 ; refraetiyity, 
288; stability of, 112; transforma- 
tion of, 115. 

Rotation, magnetic, 299; aromatic 
compounds, 809; constants, 804; 
double-bond, 805; exaltation, 809; 
homologous series, 802; isomers, 
801 ; ring formation, 808 ; series 
constants, 802; stereoisomers, 802; 
and structural problems, 806; ter- 
pene and camphor group, 808. 

Rule of Grum-Brown and Gibson, 80 ; 
of Michael, 51, 128 ; of Yoriftnder, 
86. 

Sabinaketone, 151. 

Sabinene, 152, 288, 291, 824. 

Safrole, 286. 

Secondaiy alcohols, synthesis of, 188, 

142. 
SelectiTC absoiption, 826. 
Sodamide, as condensing agent, 165. 
Solution volume, 271. 
Solvents, effect on refraetiyity, 290. 
Specific dispersiyity, 296. 

— exaltation, 284. 

— refhustiyity, 276. 
Store, 265. 

Stereochemical changes, dynamics of, 
216. 

Stereoisomers, action of light, 400; 
heat of combustion, 820 ; magnetic 
rotation, 802 ; refraetiyity, 878. 

StUbene, 887, 899; absorption spec- 
trum, 844 ; luminescence, 874 ; re- 
fraetiyity, 288. 



Strain theory, 18, 111. 

Structure of acetylene compounds, 15 ; 
aconitic acid, 28 ; cyanides, 9 ; ful- 
minic acid, 18 ; hydrogen cyanide, 
11; isoeyanides, 8; triphenylme- 
thane dyes, 865; triphenylmethyl, 8. 

— and absoiption spectra, 826 ; and 
colour, 846 ; and fiuorescenoe, 888 ; 
and physical properties, 261. 

Styrene, absorption spectrum, 844 ; 
magnetic rotation, 810; refraetiyity, 
288. 

Substitution, action of light, 896 ; in 
aromatic compounds, 85; in ben- 
zene, 88; theories of, 88; velocity 
o^ 286. 

Suooinosuccinic ester, 167. 

Sucrose, hydrolysis of, 218. 

Sulphur acids, synthesis of, 146. 

Sylvestrene, heat of combustion, 818, 
824 ; refraetiyity, 287. 

SynthesiB, acetoacetic ester, 152, 165; 
acids, 128, 145; alcohols, 188, 142; 
aldehydes, 128, 144; amides, 146; 
aromatic hydrocarbons, 180; cycUc 
compounds, 124, 129, 182, 186, 157, 
176; oyoloparafBn8,117; diazoamino- 
compounds, 147 ; esters, 145; hydro- 
carbons, 120, 180, 142; hydroxyl- 
amine derivatives, 147 ; ketones, 
145; photochemical, 404; sulphur 
acids, 146. 

Termoleoular non-reversible reactions, 
212. 

Terpinene, 291, 824. 

Tertiary alcohols, synthesis of, 188, 
142. 

Tervalent carbon, 8. 

Tetrabromophenolphthalein, 879. 

Tetrahydroberberine, 885. 

Tetrahydropapaverine, 886. 

TetramethyldUaminoftichsone, 878. 

Tetraphenyloctazene, 188. 

Tetraphenylxylylene, 888. 

Tetrazoles, 198. 

Tetronic acid, 202. 

Theory, electrochemical, 86; electro- 
nic, 87. 

— of absorption, 841, 842. 

— benzene substitution, 85; Arm- 
strong, 86 ; Collie, 98 ; Cmm-Brown 
and Gibson, 86; Fiarscheim, 89; 
HoUeman, 92; Hfibner, 85; Lap- 
worth, 94; Koelting, 85; Ober- 
mfiller, 91 ; Tschitschibabin, 90 ; 
VorUnder, 86. 

— ohromoisomerism, 856. 

— colour, Baeyer, 868 ; Hartley, 864 ; 
Kaui&nann, 878 ; Witt, 846. 

— fluorescence, Hewitt, 889; SLauif- 
mann, 885 ; Meyer, 884 ; Willst&tter, 
871. 
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Theory, of untttantion, 88. 

— Tftlencji 26 ; Abegg and Bodllnder, 
8, 40; Fiancheim, 28; Stark, 88; 
Thomson, 87; TachitBohibabin, 89; 
Werner, 86, 81 ; Wnnderlich, 80. 

— of Baever, 111, 868; Baly, 841; 
Collie, 98; Fiaraoheim, 88, 89; 
Hantaoh,866; Haraey,864; Hew- 
itt, 889; HoUeman, 98; Kaoif. 
mann, 878, 886 ; Lapworth, 64, 94 
a Keyer, 884; Michael, 60, 68 
Thiele, 70; Tachitechibabin, 90 
Waistitter, 871; Wialicenus, 68 
Witt, 846. 

Thermochemiatry of, organic com- 
ponnda, 818; conjugated double 
bond, 888; constants, 881; cyclic 
oomi>ounda, 884 ; double bond, 888 ; 
homologous series, 881 ; isomers, 
880; stereoisomers, 880; structure 
of benzene, 884. 

Thioaldehydes, 65, 107. 

Thioanilides. 147. 

Thio-indoxyi, 119. 

Thioketones, 66, 107, 845. 

Thujane, 98. 

Thigol, 101. 

Thujone, 888, 891. 

Tolane trichloride, 7. 

Trlacetylbenzene, 158. 

Triazane compounds, 188. 

Triazene compounds, 188. 

Triazoles, 195. 

Tribenzoylbenzene, 158. 

Tiibromobenzene, 184. 

Tribromobutane dicarboxylicacid, 115. 

Tridiphenylmethyl, 7. 

Trithioaldehydes, 106. 

Trithioketones, 106. 

Trimesic ester, 159. 

Trimethylammonium azobenzene chlo- 
ride, 84. 

Trimethyleneimine, 189. 

Triphenylmethane, deriTatives of, 127. 

— dyes, structure of, 865. 



Triphenylmethyl, 4 ; colour of, 867. 
TruziUic acid, 114^ 899. 
Types of reactions^ 46. 

Ultra-Tiolet absorption, 886. 
Unimoleenlar non-reverBEible reactions. 

808. 
Union of, carbon and nitrogen, 186 ; 

carbon and carbon, 107 ; carbon and 

oxygen, 800. 
Unsatorated acids, reduction of^ 101. 

— compounds, reactions of, 48 ; action 
ofUght,899. 

^ groups, nature of, 16. 

— ketones, colour of, 850 ; reduction 
o^ 101 ; refractivity of, 285. 

Valency, auxiliary and principal, 81 ; 
carbon, 1 ; contra and normal, 8, 
40; electrons, 88, 848; isomerism, 
88, 858; partiaL 70; yariable, 8; 
volume, 85; and affinity, 44; and 
physical properties, 85. 

— theories of, Abegg and Bodl&nder, 
40; Brigga, 85; Fmrscheim, 88; 
Knoeyenagel, 19, 81; Stark, 88; 
Thomson, 87; Ttehitschibabin, 89; 
Werner, 86, 81 ; Wunderlich, 80. 

— theories of, electrochemidJ, 86; 
electronic, 87. 

Velocity o^ intramolecular rearrange- 
ment, 209 ; esterification, 881. 

— of oiganic reactions, 806. 
Vinylacrylic acid, 134. 
Vinylcydohexene, 400. 
Violuric acid, colour of, 859. 
Visible spectrum, 826. 

Wurster's compounds, 871. 

Xanthone, 805. 
Xyloquinone, 178. 

Zinc alkyl compounds, 187 ; oondenaa- 
tions, 188. 
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Abegg and Bodl&nder, 8, 40, 164. 
▲ngeli, 195. 

— and Marehettiy 166. 
Anaohatz and Immendorff, 180. 
Annatrong, benzene aubatitution, 86, 

88 ; colour and straotture, 846, 862, 
866. 

— and Caldwell, 220. 
Arrhenioa, 216. 
Aaohan, 118, 116. 
Anatin, 105. 

Auwan, 5, 184, 185, 290, 868. 

— and Eiaenlohr, 287, 289, 291, 297. 

— and EUinger, 286. 

— and Mooabmgger, 284. 

— Both and Eiaenlohr, 818. 

Bach, 410. 

Baeyer, strain theory, 18, 111 ; atructure 
of iaatin, 881 ; syntheaia of cyclic 
oompounds, 157 ; of oydohezane, 
117; of diphenylmethane, 175; of 
mesityloxide, 170 ; of phorone, 170 ; 
of triphenylmethyl, 7; theory of 
carbohydrate formation, 409 ; theory 
of colour, 868. 

— and Drewsen, 171. 

— and Yilliger, 59, 84, 141, 868. 
Baly, 40 ; theory of absorption, 841. 

— and ColUe, 844. 

— and I>eseh, 329, 887. 

— Edwards and Stewart, 868. 
-^ and Ewbank, 848. 

— and Bice, 842. 

— and Tuck, 402. 

— Tack and Marsden, 868. 
Bamberger, 60, 78, 88, 187, 852. . 

— and Elger, 401. 
Barbier, 141. 
Barlow and Pope, 25. 
Bauer, 29, 58, 54. 

— and Moser, 896. 
Beckmann, 12. 

— and Paul, 179. 
Becquerel, 299. 
Beer, 829. 
Benrath, 406. 
Bemthaen, 878. 
Berthelot, 206, 816, 822. 

— and Gaudechon, 899, 404, 410. 

— and Louguinine, 818. 

— and St. Gillea, 807, 244, 822. 
Berzelius, 86. 



Biilmann, 862. 
Biltz,55,166. 

Bisohoifand Bach, 128, 124. 
Bistrzycki and Herbst, 851. 
BUdin, 199. 
Blaise, 142, 145, 146. 
Blanc, 182. 
Blanbnna, 87, 209. 
Blomstrand, 46. 
Boehm, 175. 
Bokomy, 410. 
Bolseken, 228. 
Bone, 86. 

— and Sprankling, 124. 
Borsche, 75. 
Boudroux, 144, 146. 
Bouilhac and Tr4bouz, 410. 
Bouyeault, 104, 144. 
Bragg, 42. 

Bredig, 96, 878. 

— and Fraenkel, 222. 
Brest and Kallen, 187. 
Briggs, 85. 

Briner, SB. 
Brown, H. T., 407. 

— and Morris, 412. 

BrQhl, 12, 277, 278, 285, 290, 292, 820, 

825. 
Brunei, 99. 
Bruner, 218, 897, 400. 

— and Vorbrodt, 258. 
Buchner, 118. 

— and Curtius, 187. 
Bugarszky, 252. 
Bunsen and Boscoe, 258. 
Burke, 818. ^ 

— and Donnan, 284. 
Busoh, 148. 
Butlerow, 119, 188. 

Gain and KicoU, 224. 

Campbell, 48, 299. 

Cannizzaro, 897. 

Chapman, Chadwick and Ramsbottom, 

404. 
Chattaway, 89, 227, 402. 

— and Wadmore, 12. 
Ciamician and Silber, 400, 401, 404. 
Ciuaa, 401. 

CUiaen, 155, 161, 166, 167, 170. 
Glaus, 26. 
Cohen, 181. 

— and Dakin, 88. 
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Oohen, Dawaon, Bloekey and Wood- 
niAiiMy, 897. 

— mud Hartley, 88. 
CoUie, 98, 908. 
CombeB, 129. 
Conrad, 121, 124. 
Conrady, 281. 
Cmm-Brown and Gibaon, 86. 

— and Walker, 182. 
Cortins and Fnauen, 412. 

Daimler, 149. 
Dakin, 88, 106, 178. 
Davy, K., 896. 
Payy, H., 86, 104, 892. 
Dawson, 222. 

— and LoBlie, 249. 
-^ and PowiB, 261. 

^ and Wheailey, 260. 
Decker, 884, 872. 
Dehn and Dewey, 4a 
Demjanow, 116. 
Derlon, 182. 
Dewar, 874. 

Dieokmann, 168, 169, 160. 
Dimroth, 147, 148, 197, 269. 
Dobbie and Lauder, 886. 

— Lander and Tinkler, 888. 
D6bereiner, 104. 
DObner, 184. 

Donnan, 228. 
-- and Potts, 284. 
Draper, 898, 407. 
Drude, 89, 827, 888. 
Dnnstan and Bossi, 12. 
Duppa, 188. 
DuTal, 290. 
Dyson and Harden, 896. 

Eder, 418. 

Einhom and Diehl, 171. 

Eisenlohr, 279, 288. 

Elba, 186. 

Engelmann, 407. 

Engler and Weissberg, 69. 

Brlenmeyer, jr., 79, 80, 81, 166. 

Euler, 410. 

Eykman, 298. 

Faraday, 299. 
Fawoett, 247. 
Feist, 20, 116, 206. 
Fenton, 106. 
Fischer, E.» 866. 

— and Wrede, 817, 818, 826. 
Fischer, O., 866. 

Fitdg, 19, 120, 179, 180, 400. 

— and Daimler, 149. 

— and Jayne, 182. 
Fleisohhauer, 166. 
Fliiraoheim, 28, 89. 
Fokin, 97. 
Formanek, 865. 



Franoeaconi and Baxghellini, 869. 
Fimnkland, 187. 

— and Duppa, 188, 162. 

— P. F«, 262. 
Freer, 179. 

Freond, 117, 121, 188. 
Fxiedel and Crsfts, 127. 

— and Ladenbnrg, 187. 
Friedlinder, 878. 
FritzBche, 266. 

Qabriel, 174. 
Gadamer, 886. 
Oattermann, 144. 

— and Koch, 128. 
Getman, 817. 
Geather, 152, 181, 204. 
Gibson, 85. 
Goldbei^, 896, 899. 
Goldschmidt, 66, 221, 881. 

— and Baehs, 221. 

— and Larson, 181. 

— and Merz, 226. 

— and Beinders, 218. 

— and Sonde, 221. 
_ and Udby, 221. 

— and Wachs, 221. 
Gomberg, 4, 867. 
Graebe, 866. 
Green, 846, 870. 

— Cross and BoTsn, 402. 

— and Eang, 879. 

— and Perkin, 878. 
Grignard, 141. 
Gros, 898. 

V. Grotthus, 898. 
Goldberg and Waage, 207. 
Gustavson, 180. 

Halle and y. Kostanecki, 860. 

Haller and Bauer, 122. 

Hallwachs, 882. 

Hann and Lap worth, 177. 

Hantzsch, absorption spectrum of aeoto- 
aoetic ester, 841 ; chlorine onphenols, 
115; decomposition of diazo-com- 
pounds, 224 ; refractirity of peeudo 
acids, 296 ; theory of chromoiso- 
merism, 866 ; of homochromoiao- 
merism, 862. 

— and Gorke, 856. 

— and Hilsdier, 861. 

— and Meyer, 868, 879. 

— and Vogt, 199. 
Hardy and Willcock, 893. 
Harries, 67, 72, 80, 400. 
Harrow, 128. 

HarUey, 88, 827, 848, 864. 

— and Dobbie, 881, 887, 848. 

— Dobbie and Lauder, 887. 

— and Huntington, 829. 
Hausser and MOller, 224. 
Hedley, 85a 
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Heintachely 6. 
HellAr and SchOUe, 129. 
Helmholtz, 86. 
Henrich, 122. 
Hannr, 24, 176, 242. 
Heraehel, 898. 
HenEdiiBtein, 7. 
Hewitt, 889. 

— and Mitchell, 868. 
Hibbert and Sndborougfa, 142. 
Hinrioheen, 19, 46, 79, 81. 
Hirst and Cohen, 181. 
Hofer, 188. 

Hofknann, 12, 104. 

— and Bngge, 10. 

— and Kirmreuther, 872. 
HoUeman, 87, 88, 92, 286, 897. 
Hontmann, 267. 

Honben, 146, 146. 
Howard, 18. 
Hudaon, 241. 
Hflbner, 86, 181. 

Ingenhousz, 406. 
Ipatiew, 98, 99, 102. 

Jaoobaon, 6, 180. 
Japp, 172. 

— and StreatfeUd, 178. 

Kaniti, 408. 

Kannonikoff, 188, 277. 

KaaUe and Beatty, 898. 

Kauffmann, 868, 866, 878, 888, 886, 

892. 
Ka78er,864. 
Kehrmann, 872. 

— and Wenzel, 867. 
Keknld, 18, 47, 120. 
Kampf, 106. 
Kipping, 129, 187. 

— and Hall, 129. 

— and Perkin, 170, 179. 

— and Salway, 60. 
Kiatiakowsky, 248. 
Klagee, 68, 286. 
Kleber, 114. 
Klein, 12. 
Klinger, 406. 
Knoblauch, 244. 

Knoevenagel, 19, 81, 80, 186, 177. 
Knorr, 194, 296. 

Koehl and Dinter, 80. 

KOnig, 898. 

Koenigs and Happe, 176. 

KOtz, 118. 

Kohler, 74, 80, 147. 

Kolbe, 8. 

Komppa, 169. 

Kopp» 26, 264. 

Kremann, 878. 

Kondt, 829. 



Ladenburg, 187. 

Lander, 64. 

Landoel, 277. 

Lang, 47. 

Lapworth, 64, 80, 187, 160, 164, 222, 

— and Fitzgerald, 222. 
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